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Prcfacc 

An International COADS Winds Workshop was held during 31 May to June 2, 
1994 at the Institut ftir Meereskunde in Kiel, Germany. Financial support was provided 
by the National Oceanic and Atmospheric Administration (NOAA) through its Office of 
Global Programs, and from the Gcnnan Research Foundation Projcct "Wannwatcrsphcrc 
of the Atlantic Ocean." 

The workshop had as its main objcctive to evaluatc the quality of the marine 
surface winds in the global surface marine data archive known as COADS (for 
Comprchensive Ocean-Atmospherc Data Set), and to ascertain the usefulness of thc 
products dcrivcd from the basic wind measurements. Papers werc solicited in the area of 
documcntation of sourccs of observational errors and biases, on work done to cvaluatc 
past and current observational methods and data processing procedures, and to cvaluate 
how uscful the data set is for climatological and climate change studies. In addition, the 
organizcrs of the workshop hopcd to gather input from a broad cross-section of COADS 
users to help improve future COADS Releases and products, to promote greatcr 
communication and to foster cooperation among COADS uscrs. 

Surface wind data are nccdcd to calculate thc fluxes of momentum, sensible and 
latent heat and watcr substance at thc occan-atmospherc interfacc. Thus, knowledgc of 
thc long-tcnn hehavior of thc surface wind for the world aceans is critical for undcrstading 
thc causes of past variations in climate, as weil as for prcdicting future climate behavior. 

In particular, the following items werc discusscd at the workshop: 
i) how best to detcrminc and quantify temporal homogeneity; ii) methodology aimcd at 
standardizing surface wind mcasurcments from the voluntary observing flcct and from 
othcr obscrving platforms (c.g., moorcd and drifting buoys); iii) an evaluation of thc 
sufficicncy of spatial and temporal data coverage, i.e., to considcr thc question of 
sampling adcquacy for various space and time scales; iv) the work bcing carricd out to 
dcvclop a uniform (dynamically consistcnt) data sct of marine surfacc wind ficlds; and v) 
revicw what thc rccord actually shows about largc-scale surfacc wind variations during thc 
past scvcral dccadcs, considcr whcthcr thesc changcs are physically plausible, and what 
kinds of supplcmcntary, corroborating evidcncc is availablc to cvaluatc changcs in thc 
mean surf.1ce wind ficlds ovcr thc occans. 

This procccdings volumc is dividcd into four thcmatic scctions. The first onc 
provieles some background material and a summary of currcnt cfforts to cnhancc thc 
COADS. Tbc sccond section dcals with camparisans of thc long-tcm1 behavior of marin·~ 
surfacc winds with othcr wmd indtccs dcri,·cd from thc indcpcndcntly obscrvcd sea Ievel 
prcssurc field. A third scction addrcsse, itsclf to thc question of accuracy of wind 
mcasurcmcnts at sea and comparcs different mcthods, such as wind cstimation based on 
thc state of thc sca (throu!'h application or" thc Beaufort wind scalc(s)). and from the 
rcadm~ of ancmomctcr platforms onhoard thc ships. Thc last scction dcals with various 
mcthodalogtcs bcm~ applicd hy ditTcrcn: invcstt~ators to improvc th·~ accuracy and utility 
of thc cxisting COADS wind obscrvattons 



A Iist, with addresses, of all the parhcipants is included as part of this 
proceedings volume. We hope that the papers presented here will assist the greater 
COADS user community to make better and more informed use, not only ofthe COADS 
wind products, but also of the other atmospheric and oceanic variables available from the 
COADS data set. 
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Background Papers 
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The Importance of COADS Winds for U nderstanding Climate Change 

J.O. Fleteher 

Cooperative Institute for Research in Environmental Science (CI RES) 
Boulder, Colorado USA 

A quartcr century ago S. Manabc and R. Weatherald published a onc dimensional 
computation of surface wanning from a doubling of C02: 3°C was their result. It was an 
interesting and useful result; but no one bclievcd that all other factors rcmained eonstant 
orthat all the fecdbaek loops canccled. 

A few ycars later an error bar of 1.5°C was addcd by a U.S. National Acadcmy 
panel. It was a guess. Today the Intcrgovcrninental Panel on Climatc Change (!PCC) 
cstimatc is about the same and is bcing uscd to rcpresent what is likely to happcn in the 
teal world. Docs this mcan that all othcr factors rcally do remain constant orthat all the 
fecdback loops canccl each othcr? Or is something wrong? 

Tbc first IPCC rcport was publishcd four ycars ago and was acccpted by most 
political authoritics as gospel. For example, in !992 thc fivc democratic prcsidential 
candidates held a telcvised debate before thc Ncw llampshirc primaries. All five agrccd 
that to rcducc greenhause warming cffects the U.S. should commit to limiting C02 
emissions by thc ycar 2000 to !990 Ievels. Two of thc candidatcs callcd this, "thc most 
important issuc of our time." 

Thc U.S. government has now made such a commitmcnt. Thc enormaus costs 
involvcd will impactsuch social nccds as hcalth care, cducation and child carc, but, thcy 
have been convinced that therc is no other choicc if wc are to avoid catastrophic climatc 
changcs, such as sea Ievel risc and descrtification of the Amcrican mid-contincnt. Costly 
lcgislation is now bcforc thc U.S. Congrcss to implemcnt this policy, including using the 
tax codc to force convcrsion of power gcncration from coal, which wc have in vast 
rescrvc, to natural gas, which we havc in limitcd rcscrvcs. 

In thc real world, wc know that othcr factors arc not constant. A Iook at ohscrvcd 
bchavior of climate teils us that changing strcngth of thc atmosphcric circulation is a vcry 
robust feature of climatc change, and many factors arc strongly int1ucnced by wind 
strcngth. For example, cvaporation ovcr thc occan is proportional to wind spccd and 
amounts to about 100 \V/m2. Only a 4% dccrcase in wind would dccrcasc cvaporativc 
cooling ofthc occan by 4 \Vfm2, about cqual to doubling ofC02. thus adding to surface 
warming by a factor of two. 

On thc othcr band, an incrcase of surfacc wind by 4% woulcl inercasc cvaporation 
by 4 \V/m2 and justabout cancel thc greenhause surface warming. Thc additiom! hcat and 
maisture extractcd from thc oecan would bc added to thc mid-tropospher·c whcrc rain is 
formcd. lfthc increasc in evaporation is more than4°1. •. it morc than balances thc radiati\c 
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effcct of C02 doubling and the ocean is cooled, whilc thc atmosphere is warmed morc 
strongly. 

What does the record show? Will the wind blow strongcr or weaker in an cnhanced 
greenhause world? Fig. l shows thc strcngth of thc surface wind over thc global tropics, 
30°N to 30°S, for more than half a century. The first vital question: is thc trend upward 
or downward and how does the magnitude compare with the 4% corresponding to C02 
doubling? The graph also shows the main forcing factor t"or the Hadlcy Circulation, deep 
tropical convcction, which heats thc mid tropospherc and Iransports mass upward. Since 
we have only about two decades of direct satellite observation of tropical convection I use 
as a proxy, thc area of ocean warmer than 29°C. 

This COADS record of the last sixty years says several things: 

I. Thc trcnd (in surface wind and the index of tropical convection) is 1!lL. Other 
things do not remain constant. 
2. The changes are !arge and strongly correlated with each other (both the size of the 
wann pool and the strength of the Hadley Circulation). Thc mean wind specd has 
increased by about 25% to 6.5 m/s and evaporation by a similar proportion, several 
timcs !arger than the 4 Wfm2 associated with C02 doubling. The small arrow 
representing 4% is shownon the chart for comparison. 
3. Contrary to the usual notion that the ocean and atmosphere cool or warm in the 
same direction, the opposite is true. Incrcasing wind specd extracts morc heat by 
evaporation from the ocean and gives it by condcnsation to the atmosphere. The 
ocean as a whole is cooling, even though thc size of the wann pool has bcen 
incrcasing. This infers that ocean circulation plays an important time variable rolc in 
maintaining the warm pool. COADS teils us that the wind increase has been greatest 
in the Northern Hemisphcre during its winter. Thc Northern Hemisphere occans 
show cooling. The Southern Hemisphere wind increase is less and sea surface 
tcmperaturc has warmed slightly. 

These trends cannot continue indefinitely becausc a cooling ocean must eventually 
overcome a growing warm pool. Wehave here the essential element of an oscillating 
system, negative feedback and delayed response. 

How is circulation strength rclated to rainfall over continents? Common sense 
would say that more evaporation and morc maisture carried inland by stronger circulation 
mcans more precipitation inland. That is also what the record shows. The best and 
Iongest record for Centrat North America is the Ievel of the Great Lakes. Over the last 
century and one half it has gone from high Ievels in the 1870s to low Ievels during the 
l920s and 30s to high Ievels again in the l980s, parallel to changes of wind strength. We 
call the mid-continental drought ofthe late 1920s and 30s the "dust bowl". By contrast, 
the 1980s and 90s have had much morc rainfalL 

In this revised Scenario of increasing wind strength both of the greenhause threats 
are gone: sea Ievel does not rise because the ocean is losing heat, not gaining heat and snow 
on land is increasing, not dccreasing. Mid continent desertification is related to weak 
rather than strong circulation. 
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We are left, however, with a big question. How long can the size ofthe warm pool 
and the circulation strength continue to increase while the global ocean is losing heat? It 
cannot continue indefinitely. Ocean Iransport of heat into the warm pool is necessary to 
maintain its !arge and increasing size and this must deplete heat storage at high er latitudes. 
COADS data shows that the last peak in circulation strength was about 1870 and when 
the trend changed, it was quite abrupt. I suggest that forecasting the end of the present 
increasing trend, with its regional climate changes, is the pressing challenge facing the 
climate research program. 

Forecasting the size ofthe warm pool and strength ofthe circulation is the heart of 
the problem. lmproving the surface wind data setwill be a big help. 

There are several questions that necd attention: 

Why don 't GCM's give the right answer? How shou/d they be improved? 

A first orderanswer to this question is shown by the dashed line in Fig. I which 
represents the lowest Ievel wind (990 mb) in G. Lau's four decade Simulation using 
observed global SST. It says that even the expensive GFDL model does not simulate 
change on this time scale. There is no significant trend in the model results. 
Parameterization of tropical convection must be improved to simulate correctly the last 
half century before we can accept its prediction for the coming century. 

How is this dynamic feedback /oop re/ated to the cloudlradiation feed back? 

A first orderanswer is given by V. Ramanathan who used ERBE data to conclude 
that the cloud feedback is negative, Iogether with other work based on COADS and other 
data that show that cloudiness has been increasing over the last half century. Both results 
would add to the negative feedback of the dynamic wind feedback loop but more 
investigation is nceded. 

How good an index is the size of the warm poo/ for representing the mnmmt of 
deep convection ? 

We now have about 3 decades of outgoing longwave radiation (OLR) and we 
should be able to compile a satellite record of deep convection for comparison. 

Shou/d we believe the wind record that yields these startling results? 

Some would say no. Included in the occan wind rccord are many possible biascs 
that are difficult to evaluate. That is what this workshop aims to accomplish. 

Thc first order qucstion is: ls the wind trend up, down or zero? I believe that the 
trend is up and that the change of recent dccades is more than 4%. If so, the greenhause 
"threats" of sea Ievel rise and mid eontinent audity have bcen grossly exaggerated. 

As cvidence of incrcasing circulation strength figurcs 2 and 3 show the ocean basin 
wide change in surface pressure and vector wind from 1950-70 to 1970-90 (from 
COADS). The coherence ofthe changes in pressure field and wind ficld is conspicuous. 
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Critics of the conclusion outlined above point to the many defects of COADS. 
Many are real. Many are exaggerated. The goveming consideration is that we have no 
alternative description of the behavior of the global climate system over the century time 
scale. This description, though incomplete, is in glaring cantrast to current assumptions 
about greenhause warming and climate change on which costly policies are based. An 
important step was recently taken by Prof. James O'Brien at Florida State University. 
For the tropical areas for which his group produces the reference wind stress maps for 
TOGA he has extended the record backward in line to 1930, also incorporating more 
sophisticated quality control, interpolation and bias corrections such as has been 
suggested by C. Rarnage and others. Figure 4 reflects this data set for comparison with 
Fig. I. The trend is up! The change is !arge! All of the considerations outlined above 
apply! 
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COADS wind vs. SST>29 deg C coverage 
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COADS Project Report 1: Update Plansand Unresolved Issues 

Introduction 

Scott D. Woodruff 

NOAA/ERL Climate Diagnostics Center 

Boulder, Colorado USA 

Since 1981, a U.S.-funded project has combined international surfacc marine data, 
dating back to the inception of routine meteorological observations by merchant ships 
araund the mid-I9th Century, into the Comprehcnsive Occan-Atmosphere Data Set 
(COADS). I For more recent years, ship rcports, either transmitted via the Global 
Telecommunication System (GTS), or International Maritime Meteorological (IMM) 
logbook data exchangedunder WMO (1963) Resolution 35, have been supplcmentcd in 
COADS by automatcd in situ measurements, such as from drifting and moared buoys. 
This wealth ofbasic observational data has been edited (quality controlled), and monthly 
summaries have been calculated for acccptable data falling within 2° x 2° latitude
longitude boxes, for each decadc and year ofthc period 1854 through (presently) 1992. 

For reasons of navigation, and thus safety on the high seas, wind direction, and 
later speed, were among thc first weather elements that mariners recorded in ships' 
logbooks. Partly because wind data extend back to the beginning of the record, COADS 
wind variables or those derived using thc wind arc of potentially major importance for 
climate and global changc research. llowever, wind cstimation and measurement practices 
have varied through time, as have reporting and proccssing of the data, resulting in data 
inhomogeneities whose significancc has yet to bc finnly resolvcd. This paper is the first 
oftwo COADS project reports (with Elms 1995, this volume) designed to providc somc 
background on thcsc and other unrcsolved issues relevant to COADS wind data, and to 
sct the stagc for possible improvemcnts in COADS products. 

Update Status and Plans 

I COADS (Slutz et al., 1985; Woodruff ct al., 1987) is the rcsult of a continuing 
cooperative project betwcen the National Oceanie and Atmospheric Administration 
(NOAA)-its Environmcntal Research Laboratories (ERL), National Climatic Data 
Center (NCDC), and Cooperative Institute for Research in Environmental Seiences 
(CIRES; joint with thc University of Colorado)-and the National Scicncc Foundation's 
National Center for Atmospheric Research (NCAR). COADS products are available 
from NCAR, or individual observations from NCDC. 
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COADS Release 1 ( 1854-1979), initially supplemented by a set of "interim" 
products for 1980-91, was extended through 1992 by COADS Release Ia (Woodruff et 
al., 1993). A variety of data additionswas made for Release Ia, including replacement of 
many GTS ship reports by matehing IMM data because of typically higher quality and 
observational completeness. GTS measurements from drifting or moored buoys were also 
replaced by quality controlled data from Canada's Marine Environmental Data Service 
(MEDS), and from NOAA's Pacific Marine Environmental Laboratory (PMEL) and its 
National Data Buoy Center (NDBC). In addition, special fishing fleet data from the 
Inter-American Tropical Tuna Commission (IA TTC) helped improve coverage in data
sparse regions of the equatorial Pacific Ocean. 

Release Ia quality controls included duplicate elimination, plus numerous data 
corrections, such as removal of GTS wind speeds originally reported in meters per second 
that were doubled due to a U.S. conversion software error (Figure I). Two separate sets 
of 2° monthly statistics were then calculated: (a) To provide compatibility with Release 
I data, the Release I a "standard" statistics were restricted as nearly as possible to ship 
data, and quality controlled using Release I (1950-79) Iimits. (b) To maximize coverage 
and provide a more accurate representation of extreme climate anomalies such as the 
1982-83 EI Niiio/Southem Oscillation event (ENSO), the "enhanced" statistics included 
automated platform types in addition to ships, and were processed using expanded 
quality controllimits. 

COADS Release I b, the next update milcstone, is planned for completion in 1995. 
The main purpose of Release I b is to provide an update and improvement of the 
individual observations for the period since about 1947 for use in Global Re-analysis 
projects (Jenne, 1992). Alsoaspart of Release lb, we plan to extend the 2° monthly 
statistics through 1994. 

COADS Release 2 is planned as a total re-processing of the record back to 1854 or 
earlier if possible, using improved methods and incorporating additional data that have 
been digitized or become available since completion of Release I in 1985 (Figure 2). This 
!arge task is now anticipated for completion in the late 1990s because of the timing of 
historical data digitization efforts by NCDC and other countries including China, 
Germany, Norway, and Russia, and because of growth in the task of converting and 
processing all the Release 2 input data relative to available resources (see Elms et al., 1993 
and Elms 1995, this volume for further information about digitization activities). 

A major element of Release 2 is the planned merger of COADS with existing 
digital archives that were not included in Release I (see Figure 2): 

• A preliminary comparison between COADS and the UK Meteorological Office 
Main Marine Data Bank (MOB) for selected areas (Woodruff, 1990) revealed 
more data generally in COADS, but also some reductions and data errors in 
COADS that hopefully can be resolved by inclusion of MOB data (Parker, 1992). 
• Russia has provided its Marine Meteorological Data Set of ship data extending 
back to 1888 (1980-90 data were used for Release Ia), and drifting Arctic "ice 
island" data back to 1950. 
• Germany hopefully will be able to provide records from the Seewetteramt Data 
Archive to replace Historical Sea Surface Temperature (HSST) Data Project 
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reports inputtoRelease I, because the WMO-defined HSST format (also used as 
input for HSST receipts from the Netherlands) lacked some subsidiary weather 
elements such as present weather and complete cloud fields. 

Among possible processing improvements under consideration for Release 2 are 
proposed increases in the temporal and spatial resolution of statistical summaries for 
selected time periods, regions, and variables ( e.g., I o latitude x I o longitude/sub-monthly), 
and Separations of statistics to accommodate differences in data from different platform 
types (e.g., enhanced versus standard statistics) and times-of-day. In addition, 
improvements in quality control are planned to provide a more faithful representation of 
climatic extremes (see section below). 

Unresolved lssues 

This section is a general discussion of other important unresolved issues relevant 
to COADS winds, as weil as other variables, that merit discussion in planning possible 
data or product improvements. 

Spatial and temporal inhomogeneities 
Changes in ship propulsion and routing ( e.g., construction of the Suez and Panama 

Canals) account for many !arge variations since 1854 in global COADS data density 
(Figure 2; seealso Woodruff et al., 1987). Less weil documented, however, are changes in 
the time of reporting ship observations (Figure 3). A significant deficiency with the 
1912-46 U.S. merchant marine data, which only came to light as the data startedtobe 
keyed at NCDC, is that observers were instructed to make logbook entries only once a 
day at 1200 UTC. Regrettably, corresponding teletype messages that may have been 
reported more frequently in some areas were discarded at NCDC (Elms et al., 1993). 

Scientific measurements from moored and drifting buoys have helperl expand 
spatial and temporal coverage for reccnt decades, although areas such as the tropical 
Pacific and the Southcm Ocean are still under-sampled. However, combination of ship 
and buoy data in statistical summaries may also introduce unwantcd sampling biases. For 
example, NDBC moored buoys reporting hourly around the coastal U.S. would likely 
dominate the statistics for those 2° boxes, except that they were reduced to 3-hourly 
resolution beforc inclusion in the Release l a enhanced statistics. 

Changes in instrwnentation and observing practices 
A survey in this volume of documented procedures for U.S. merchant mariners 

(Elms 1995, this volume) shows that changes have occurred in procedures for estimating 
and reporting Beaufort force, or later a wind speed equivalent in knots. For example, the 
verbal descriptions that accompanicd tables for Beaufort force changed ( or even wcre 
omitted in some ycars) in gradual transition to the change in cstimation of wind spced 
using sail capacity tothat using sea state. 

Significant data inhomogeneities also may havc ariscn from variations in 
anemometcr type and location relative to the evolving size and construction of ships. 
Compounding all these problems, therc is believed to have been a steady upward trend in 
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the ratio of measured to estimated winds (Ramage, 1987). A corresponding positive trend 
in scalar wind speed, or at least part of that trend, has been widely attributed to such 
artificial influences (e.g., Ramage, 1987; Wright, 1988; Cardone et al., 1990). These 
include application of the "old" Beaufort equivalence scale made effective by WMO after 
1946, but also applied retrospectively for conversion to knots or meters per second of 
most winds thought to have been originally reported as a Beaufort force code ( e.g., "re 
bracketing" ofHSST receipts; sec p. K28 ofSiutz et al., 1985). 

Cardone et al. ( 1990) illustrated that different source "decks" (as assigned by 
NCDC) may exhibit significant differences in wind data, depending on the makeup and 
processing history of each deck (see also Woodruff, 1990). Basedon camparisans for 
selected areas (sec Figure I), GIS ship wind speed observations from the former USSR 
(rcported in meters per second) appear to average about 2 knots higher than those from 
other countries (generally reported in knots). However, more study is warranted before 
definite conclusions can be drawn from this selective comparison, and separations for 
other countries might also prove illuminating. Similarly, IATTC fishing boat (estimated 
or measured) wind speed data have a pronounced bias toward weaker speeds in 
comparison to the Release Ia enhanced statistics (Figure 4). This is probably explaincd 
largcly by thc prefercnce for tuna fishcrmen to seek out calmer wind areas, plus the 
cffccts of an anemometer height of approximately l 0 m (F. Miller, personal 
communication). Thus although the lA TTC data appear to retlect actual wind conditions, 
thcy wcre omitted from Release l a enhanced statistics to avoid calm wind biases. 

lntroduction of automated platform types into COADS creates new possibilities 
for data inhomogeneities, applicable to wind data starting about 1970 with thc advcnt of 
moored buoy measuremcnts (Figure 5; sce also Wilkerson and Earle, 1990; Pierson, 1990; 
Radok, 1991 ). Considering for example only the issuc of wind averaging period 
(nominally 10 minutes for ships), two subscts of PMEL data wcre includcd in Release la: 
(a) daily averages from Equatorial Paeifie Occan Climate Studics (EPOCS) moared buoys 
and low-elevation islands; and (b) Tropical Ocean-Global Atmosphcre (TOGA) Program 
TAO ATLAS moared buoys, with wind avcraging periods varying from 1-24 hours (in 
aJdition, ATLAS data were not ncccssarily synchronizcd on regular synoptic hours, and 
for earlier instrumentation packages different averaging periods and report times werc 
uscd for different variables originating from a singlc buoy). 

Similarly, NDBC hourly moared buoy wind data have becn averagcd over periods 
of X-1 0 minutes, with anemometer heights ranging from 3. 7-13.8 m, and cither vector or 
"scalar" averaging depcnding on the instrument packagc (Gilhousen, 19R7; Woodruff et 
al., 1991 ). NDBC and other groups intcmationally have bcgun cxperimcntation with 
wind spced and direetion sensors on new drifting buoy designs, and some countries 
already report thcse data over GIS. Because of concems about the experimental nature 
of this ncw instrumcntation, as well as thc size of drifting buoys relative to sca statc, 
wind data from drifting buoys were excluded from thc Release Ia enhanced statistics. 
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Quality control problcms 
"Trimming" in COADS refers to thc proccss oftlagging individual observations 

that cxceed upper and lowcr quality controllimits defined for each 2° box and month, and 
cxcluding thcm from the trimmcd 2o monthly summarics (note that the existing summarics 
haw co1;1bincd wind data without respect cither to thc original dircctional compass or to 
whether the wind spccd was cstimatcd or mcasurcd; see Morrisscy, 1990). For Release 
I, thc trimming Iimits werc sct at the 3.5cr Ievel using three climatological periods (1854-
1909; 191 0-49; 1950-79). As shown by, e.g., \Voller ct al. ( 19S9) and \Voller ( 1992), the 
3.5cr Iimits have provcn overly restrictivc for extreme climate anomalies such as the 1982-
S3 ENSO. For Release I a, thc 1950-79 trimming Iimits werc cxpanded to 4.5cr for thc 
cnhanced statistics; but 3.5cr was used for the standard statistics to provide greatcr 
compatibility with Release I. 

llowcver, a more complex set of quality control problems applics to wind data. 
including a lowcr-bound of zcro on wind spced, than to univariate quantities such as 
tempcratures and pressurc. COADS wind trimming is currently perfonncd by testing 
both thc u and v components (calculated from individual obscrvations of wind specd and 
dircction) against upper and lower Iimits for u and 1'. Jf eilher 11 or v exceeds its Iimits, the 
wind components (and speed) arc flaggcd and omitted from monthly summaries. The 
feasibility of a bivariate test for trimming wind is under consideration for Release 2, as 
weil as possible general improvements in the procedure for ail variables (c.g., checks for 
consistency with respect to "local," as weil as climatological, conditions in time and 
spacc). 

:\letadatafrom indil'idual marine reports 
This section discusses wind-rclated metadata (information about data) availablc in 

individual marine reports (thc ncxt scction describes mctadata available from external 
sources, and issucs arising in attempting to join the two mctadata sourccs). 

a) Wind direction indicator 
NCDC's ( 1968) Tape Data Family-11 (TDF-11) formed thc core of COADS 

Release I data for 1854-1969. TDF-11 contained a wind direction indicator specifying 
the original compass code: 36-point, 32-point, 16 of 36-point, or 16 of 32-point. 
Additional wind dircction indicator values have been defined in COADS to accommodate 
IISST 8-point data and high resolution automated measurements. 

b) Wind specd indicator (iw: WMO code 1855) 
Modemship GTS and IMM data contain iw, which indicatcs whether wind speed 

was cstimated or measurcd, and whether it was reported in mcters per second or knots 
(the reduction in prccision from rcporting winds in wholc meters pcr second, as 
recommended by WMO, instcad of wholc knots, should be noted; sec Woodruff et al., 
1991). Only starring in I 982 was iw included in its present form in WMO's IMM 
forrnats. Although iw may have been standardized in GTS data after 1963 (Cardone et 
al., 1990), its availability also dcpends on thc datc on which individual GTS receiving 
centers startcd saving that information. For example, the units part ofthe iw information 
was apparently omitted from basic GTS data collected by NOAA's National 
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Meteorological Center (NMC), the primary GTS source for COADS since 1980, until 9 
May 1984. 

Many of the early card decks included in TDF-11 contained little or no explicit 
infonnation about wind speed observing method or reporting units, although wc may bc 
ahle to estimate indicator settings from documentation (c.g., the earliest decks clcarly 
consist only of Beaufort estimates). Sincc it was designed after the 1963 IMM formal, 
thc TDF-11 wind speed indicator had only two settings: blank for "not measured" and 0 
for "measured," such that the former also includes the meaning "unknown." 
Unfortunately, this ambiguous indicator is still in use in the current NCDC archival 
formal (TD-1129), which is also the COADS format currently distributed by NCDC, 
although it has been supplemented by an "original wind speed units indicator" whose 
prcscnce presumably allows reconstruction of iw when reportcd. Additional wind 
indicator flag settings have been defined in the current Lang Marine Report (LMR.6) 
formal for COADS individual observations in an attempt to provide users with a single 
indicator that incorporates both historical and modern infonnation (Table I). 

c) Aufomated rcport metadata 
As discussed above, wide differences have existed in instrumentation and 

rcporting by US. moared buoys (e.g., PMEL and NDBC); intcmationally, even grcater 
ditlerenccs may cxist. Similar to the situation with ship data, the availability of mctadata 
from buoy rcports may vary depcnding on thc source and age of the data. Using NDBC 
moared huoy reports for examplc, anemometer hcight is included starting Fcbmary 19R5, 
and about 1988 fields wcre addcd for anemometer method (scalar or vcctor) and wind 
avcraging pcriod. 

Linkagc with mctadatafrom cxternal sourccs 
WMO Publication 47 (1955 and later) describes many characteristics of individual 

ships participating in the WMO Voluntary Observing Program (VOP); unfortunately, 
\\'r--.10 Pub. 47 is available only in paper form until 1973 (P. Dcxter, personal 
communication). In addition, NOAA's National Weather Service (NWS) maintains some 
ship infonnation, and other sourccs of infonnation may exist ( e.g., insurancc companies ). 

At least in its current fonn, \VMO Pub. 47 (and presumably thc NOAA ship Iist) 
can hc linkcd to individual ship reports only by matehing the ship radio call sign. Duc 
possihly to ship call sign errors either in the extemal lists or the individual ship rcports. 
\\'ilkerson and Earle (1990) found that many ships apparently participating in thc VOP 
wcrc ncither in \\'MO Pub. 47 nor in the NOAA Iist. In Ütct, a variety of fonnat and data 
sourcc problcms impacts the availability of call sign or any form of platform ID in 
individualmarine reports (Figure 6). In addition, some countrics havc elccted to includc a 
nationalship numbcr instead of thc call sign in IMM repot1s (sec Woodruff ct al., 1992). 
Ftgure 6 also illustratcs thc availability of rcport mctadata indicating thc rccruiting 
country or !lag nationality of each ship rcport which could facilitatc intcrcomparison of 
national obscrving and rcporting practiccs. 

For drifting and moared buoys, \\'l\10 has cxpandcd its Opcrational NC\rslcttcr 
for thc \\'orld \\'cathcr Watch and Marine Mctcorological Scrv1ccs to includc smnc gcncral 
mformation about thc paramcters rcportcd by mdividual buoys. Howevcr, thc 
Operallonal Nc\l"slcttcr currently Iacks mstrumcntation dctatls (e.g., ancmomctcr typcs 



and heights). In addition, NDBC periodically updates a publication (NDBC, 1993) that 
lists instrument packages used aboard each of its moared buoys (and other platform 
types). As suggested by Woodruffet al. (1991), an internationally sanctioned repository 
of metadata for automated platfonn types appears to be highly desirable in digital form 
(WMO and NDBC metadata for automated platform types apparently are not yet 
available in digital form, in cantrast to WMO Pub. 47 since 1973). 

Conclusions 

COADS wind data are impacted by many complex and interrelated issues, such as 
highlighted in this paper, that will take substantial time and resources to resolve. For 
cxample, it is only with the vigoraus cooperation of the international community that wc 
can hope to significantly improve spatial and temporal coverage through digitization of 
historicallogbooks. Research into variations in observing practices and instrumentation, 
not only for wind data but for other variables such as sea surface temperature, should bc 
significantly advanccd by easily usable digital files of external metadata for ships and 
automated platform types; WMO (1955-) Publication 47 and its Operationa/ Newsletter 
should provide starting points for development of such products. For historical data, 
national and international instructions to mariners through time, such as discussed in the 
companion papcr by Elms ( 1995) this volume, may need to be made morc widely 
available. 

Problems of a more technical or opcrational nature may also warrant closer 
attcntion and bctter coordination at thc international or national Ievel, perhaps through 
creation of a working group of marine data focal points as discussed in Woodruff et al. 
(1993). Following are a few such key issues whose resolution should help improve data 
and metadata quality for future COADS updates, and thus enhance the prospects for 
rcscarch using marine wind data: 

• Because of differences between the ship GTS and lMM formats, as weil 
as variations in handling the basic GTS and lMM data by different nations 
and sources, substitution among duplicates appears critical in order to 
obtain the bcst quality data and metadata. For example, ship radio call 
signs, which are usually included in GTS data, provide the linkage between 
individualmarine rcports and externalship metadata (c.g., WMO Pub. 47). 
Howevcr, thc call sign was not includcd in IMM formal until 19R2, and 
some countries may still include nationalship numbers in their lMM data. 
Unfortunatcly, substitution of ficlds among duplicatcs is a complicated 
process bccause therc arc frcqucntly multiple duplicatc reports, all of 
which should be comparcd for diffcrcnces and relative information quality 
before creating a singlc composite report. Thus identification of composite 
reports and the sourcc of their constitucnt fields becomes a further issuc 
related to quality control. The simples! solution, in addition to providing 
report ficlds indicating whcn composites have been creatcd, may be to 
rctain the duplicate-rich input for further analysis as nceded. 
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• Similarly, experience has clearly shown that permanent retention of 
original input data sets before conversion into common data formats is 
highly desirable. For example, errors have now been found in data 
converted from the original TDF -II card decks, but not all of the original 
card deck data arc available in digital form, and some of these data are 
probably slated for destruction should ongoing data rccovery efforts be 
derailed2 

• The wind speed indicator ( e.g., for estimated/measured) and other report 
metadata fields may need to be improved in usability and reliability. 
NCDC should ensure that wind speed indicator information is being 
accurately retaincd in its archival formats, at least through permanent 
retention of original input data sets. lt should also be noted that questions 
have been raised about whether observers aboard US.-recruited ships have 
a clear understanding of how to properly encode the wind speed indicator, 
since spot checks of US. keyed data archived at NCDC have shown a 
higher proportion of measured winds, than was expected by the 
NOAA/NWS marine observations program (V. Zegowitz, personal 
communication). 
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Table 1: Expanded wind speed indicator (WI) settings as defined in the current Long 
Marine Report (Ll\IR.6) formal, corresponding to available values from TDF -ll ("-" 
indicates no corresponding information). Also shown are the resultant mappings into 
WI of corresponding wind speed metadata from original IM!\1 and GTS formats; in 
many cases these mappings occurred through conversion first into the TDF -11 indicator, 
and then into LMR.6 (see also Table 6 of Woodruff et al., 1991) 

LMR.6WI 

O=rnls, estimated 

I =rnls, measured 

3=knot, estimated 

4=knot, measured 

5=Beaufort force 

6=est./unknown 

7=measured 

8=high resolution 

International Maritime Met. (IMM) 
TDF-11 1963* 1968* 1982(iw)** GTS(iw)*** 

6? 

not meas. 

meas. 

6? 

6? 

7? 

610 

711 

6/3 

7/4 

6/0 

7/1 

6/3 

7/4 

* The 1963 IMM punched card formal was defined by WMO (1965) in a standard and a sup
plementary version ("for exchange of cards with deviating codes or additional data"). For thc 
1968 IMM format, WMO (1975) revised both the standard and supplementary versions. This 
table shows the mapping to WI of approximately corresponding ficlds defined in thc two stan
dard versions; additional fields were available in the two supplementary versions. Note that 
original IMM receipts prior to about 1985 are no Ionger available at NCDC, thus wind mcta
data were retained only as converted into the TDF-11 indicator (question marks indicate that 
the method used to convert IMM metadata into TDF-11 indicator values is not known). 
** Two possible mappings, because in some cases iw ( see text) may have been retained only 
as converted through the TDF-11 indicator (e.g., "6/0" indicates that the resultant WI was 6 if 
retained only through the TDF-11 indicator, and 0 otherwise). 
*** Two possible mappings, depending on when iw (see text) information was available in 
each GTS source. Using NMC data for example (see discussion in text), "6/0" indicates that 
the resultant WI was 6 prior to 9 May 1984, and 0 starting on that date. 
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Figure 1: GTS ship wind speeds averaged for selected 10 Marsden Squares in the North 
Atlantic, North Pacific, and Mediterranean: 79, 80, 122, 123, 141, 142, 184, 185, 199, 200, 
217, and 252. Curves shown for USSR and all other data are displaced possibly due to 
biases from reporting wind in meters per second versus knots (see text). The effect of a 
U.S. conversion software error is also strongly evident during February-June 1984. 
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Figure 2: Annual global marine reports after duplicate elimination (curve) for COADS 
Release 1 through 1979, continued by Release 1a through 1992. Horizontal lines span 
the time periods for data now being collected and digitized, or proposed for future 
digitization (*), with the approximate numbers of reports shown in millions (M) or 
thousands (K) (Eims et al., 1993). Also Iisted are major existing digital data inputs 
proposed for inclusion in Release 2 or following Release 2. Labeled ticks along the upper 
horizontal axis mark the starting years for Release 1a, and those planned for Release 1 b 
(1947) andRelease 2 (1854, or earlier). 
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Figure 3: COADS Release 1 (upper) versus the UK Meteorological Office MDB (lower): 
annual percentages of total ship reports recorded at each UTC hour in 10° box number 
200 (Marsden Square 122) west of the U.S. (because the division between two hours 
corresponds to 25%, a given bar may extend across four such divisions). The 
concentration of reports in COADS at hour 21 around 1900 has been traced to deck 192 
(Deutsche Seewarte Marine), which was excluded from MDB (figure from Woodruff, 
1990). 
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Figure 4: Average of 1980-92 monthly differences between the mean of scalar wind from 
the Release la enhanced statistics, minus that from IATTC special fishing fteet data 
(meters per second). Note that IATIC wind data were excluded from the Release la 
enhanced statistics. 
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Figure 5: Annual average of 1980-92 monthly average differences between the Release 
la enhanced minus standard mean of scalar wind (meters per second). In many cases, 
negative differences (> -2 m/s) in 2° boxes around the U.S. coastline and across the 
equatorial tropical Pacific correspond to NDBC and PMEL moored buoy locations. 
Positive differences ( < 5 m/s, but rarely above 2 m/s) arise from relaxation of the 
trimming Iimits to 4.5cr (figure from Woodruff et al., 1993). 
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Figure 6: Approximate availability through time of ship radio call sign or other ID 
information, of wind indicator information (iw) and of recruiting country code and ship 

flag nationality, from IMM (logbook) versus GTS data. Also shown is the availability of 
annual metadata from WMO (1955-) Publication 47. (Note: There were also IMM 
formal revisions in 1987 and 2 November 1994 that did not impact the availability of 
fields shown here.) 

Aval!ab!llty of ID and other report metadata 
IMM (Logbook) GTS* 

NOANNY!C 

1990-
(1980-) ~ 

(call sign • 
call sign N 

1'-

country code truncated if '"' -iw > 6 characters) -
~ 

9 May 1984 added c 
1982 codes and :a 

0 _____ J'.)' ______ 
~ 

::; 

~ 
• J~l!:l. ~eyLsLo.n.lJ9§V •• incomplete Iw "0 

Q) 

1.- linkage via 
I 5 

"' call sign 
U .S. Air Force "' "' u GWC (1973-81) Q) 

(No cal1 sign) (truncated ID's; 
"0 

~ country code iw problems) "' some iw Info z 

1980-

vi 
I ;:i 

'--I\ Monterey Telecom major 1970-
(1966-73) ) data 

_ J~l!"\, !:eyLsLo.n.l1,\'~§l. _ quallty 
(No call sign) I I problems? 

country code 
1966 some iw Info 

IMM definltion (! 963) * The GTS code allows 
only for call sign, not 
country code. Call sign 

some earlier decks 
can be decoded into flag 

are national 
nationality, which is 

compilations; frcquently different 
than the recruiting 

1960-

some national country. 
ship numbers 
and other ID 
Informalion 

1950-

28 

WMO Pub. 
47 

Digital 
(anem. 
ht, etc.) 

1973 

Paper 
Only 

1955 

--



COADS Project Report: 

Early Data Digitization and United States Code History 

Joe D. Elms 

National Climatic Data Center, NOAA 

Asheville, North Carolina USA 

Abstract 

In an effort to better establish an historical metadata file for the COADS 
project, a complete set of U .S. instructions to the marine meteorological observer 
has been collected, for the period 1903 to the present. In addition, some 
instructions from the late 1800's were also found in the archives. This provides 
some interesting insights into the practices and procedures of observing, coding, 
and transmitting weather information during a given segment of time. It 
occasionally takes a combination of inspecting the original observation forms and 
published instructions to determine the conventional practices of the time. With 
regard to winds, a history ofthe U.S. observing and coding practices is discussed, 
as weil as the digitizing of early marine observations from the Maury Collection, 
which were basically collected beforc the common usage of the Beaufort wind 
scale. 

lntroduction 

The history of the Beaufort wind scale, its evolution, adaptations, and usage are 
very difficult to establish and verify, as with most historical events. Slightly different 
facts and slants are noted in the Iiterature and it is ccrtainly evident that every ship's crew 
using thc Beaufort scale to estimate surface wind speeds, did not apply the scale in a 
consistent manner. Numerous accounts on the subject have been published. Some good 
references are Rarnage (1982), Kinsman (1969), Cook (1989), Smith ( 1925), and Garbett 
( 1926) which provide important historical, although somewhat differing, facts and 
insights. It is always difficult to ensure exact factual truths and, in our work to establish 
the COADS winds metadata file, this has proven tobe especially true. 

In beginning to digitize the U.S. Merchant Marineobservations between 1912 and 
1946, it was quickly realized that it was necessary to know what guidance (instructions) 
was given to the observer at the time the observations were being recorded. It was critical 
to know what the coding and observing practices were and how they evolved over time. 
This information was needed so that proper digitizing procedures could be established 
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and so that accurate documentation would be available for future users and for converting 
the digitized records correctly to a common format compatible with COADS. First 
efforts were to collect only those editions of instruction to the marine meteorological 
observers ofthe U.S. Weather Bureau for the period 1912 through 1946 which covered 
the data periods being digitized at NCDC. An agreement was later reached with the 
Chinese National Oceanographic Data Center to digitize the Maury Collection, which 
consists basically of U.S. collected observations between 1820 and 1860, (the original 
Maury Collection is located at the National Archives, with a microfilm copy maintained 
at NCDC; it contains some Observations from as early as 1792 and as late as 1900). This 
prompted us to locate as many earlier editions as possible, together with any additional 
publications or documentation that could provide guidance. 

In an Earth System Monitor article (Elms et al., 1993) describing digitizing efforts 
in support ofCOADS including the project at NCDC for the 1912- 1946 U.S. Merchant 
Marine Observations, a table was developed based on the instructions issued from the late 
l800s through 1949. This illustrated examples of changes in the codes and observing 
practices for the basic elements. The focus of this study is restricted to winds only, but 
with an expanded time horizon from the earliest available records. of wind information to 
the present. 

Important Dates 

As mariners began to enter, in their ship's log, the strength and direction of the 
winds they encountered, they had to devise a somewhat uniform system for recording thc 
information. As early as 1626, Captain John Smith published a Iist of names given to 
winds (Smith, 1925) which, somcwhat surprisingly, are not very different from those 
used by Beaufort in 1806 when he firstentered his scale into his ship's log. Lamb (1991) 
republished some wind terms which were first published by Defoe in 1704, and used by 
English sailors ofthe period; they too are similar to those later jotteddown by Beaufort. 
In 1771 William Falconer published a glossary oftechnical sea terms which hclped further 
standardize the reporting of customary terms. The East India Company, which had becn 
sailing between England and India since 1599, appointed Alexander Dalrymple as 
hydrographer in 1779. Dalrymple had devised a 1-12 wind scale based on cngineer John 
Smeaton's work with windmills. He entered this scale in an unpublished trcatise entitled 
"Practical Navigation" and a synopsis of the wind scalc also appears in some letterpress 
volumes now houscd in the Library of Congress. Dalrymple later provided the 
information to Beaufort in 1805 (Cook, 1989). 

In 1806, Beaufort first entered his adaptation of the Dalrymple wind scale (1-13) 
in his log, plus a notation for wcather. As hc advanced in the British Navy, he was ablc 
to bring the wind scale and weather notation into general use, and in 1838 the British 
Navy officially adopted the Beaufort wind scale (Garbctt, 1926). The Beaufort scale was 
adopted for generat use in the Merchant Marine by the Maritime Congress being held in 
London in 1874, with some modifications first recommended by the Maritime Congress 
held in 1872. In 1947, thc International Metcorological Organization held a confcrence in 
Washington, D.C., and agreed to start reporting wind velocities in knots on January I, 
1949. However, thc wind reports were still very closely linked to the Beaufort scale, as 
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is still the case today for most estimated wind speeds. Increase in size and height of 
vessels over the past century may also have biased the estimated wind speeds. 

Changes in U.S. Wind Codes and Observing Practices 

In the Maury Collection prior to the mid-1870s, most of the wind reports 
(generally three per day - first, middle and latter) provide prevailing direction, often with 
a descriptive term, in the remarks section, similar to the terminology used in the Beaufort 
scale (e.g. brisk wind, fresh breeze, etc.). There is doubt as to what period ofthe day is 
referred to with "first", "middle", and "latter". Oliverand Kington ( 1970) and the minutes 
from the 1853 Brussels Conference (Maury, 1854) indicate that these terms represent the 
8 hours prior to 4 a.m., noon, and 8 p.m. However, the U.S. "instructions to the 
observer" from 1876 indicate that they represent the prevailing conditions 8 hours before 
8 a.m., 4 p.m. and midnight. Although Oliver et al. and Maury indicated the same eight 
hour periods of the day, it is not clear from existing documentation the ordcr they were 
entered on the observing form. Oliverand Kington state that daily entries were made in 
the logbook for the pre~ious 24 hours meaning the "first part" was the period 1200-2000 
hours, the "middle part" 2000-0400 hours, and the "latter part" 0400-1200 hours, 
meaning all three entries were for periods prior to the time the ship's position was 
established for the date of the observation. In contrast Maury wrote in the minutes from 
the Brussels Conference that "The direction and force of the wind should be regularly 
entered at 4 A.M., noon, and 8 P.M. The force and direction entered should be that 
which has been most prevalent during the eight preceding hours". This would seem to 
indicate that the "first part" reprcsented 2000 (previous day) - 0400 hours, the "middle 
part" 0400-1200 hours, and the "latter part" 1200-2000 hours. To add to the confusion 
some of the obscrvational logbooks in thc Maury Collection contained a note at thc 
bottom that read "Entcr the wind for the point of thc compass from which it has MOST 
PREYAJLED for the eight hours" and a few even noted "Whcthcr the day commenccs at 
noon or midnight, always call from noon to 8 P.M. First Part". This matches thc 
cxplanation provided by Oliver and Kington (1970). lt cannot be established from thc 
observational forrns (logbooks) which country originated them and no documentation was 
located indicating individual country practices or how they evolved over time. lt is 
probable all observcrs did not follow a common procedure in entering data, thus adding 
morc uncertainty to the data collection. 

Although the U.S. merchant marine vessels did not generally begin toreportwind 
force usmg the Beaufort scale until after the mid-1870s, it appears that U.S. Navy ships 
began doing so in thc 1850s. lffeasible and it can be proven tobe scientifically sound, we 
propose to convert the descriptive tcrms found in the Maury reports to a Beaufort 
number, which can then be converted to a wind speed. In a majority of cases, thc 
descriptive terms are exactly the same as, or very close to, the Beaufort descriptive tcnns. 
llowcver, there are those tennssuch as "declining wind", "strong winds", "good wind", 
etc., which cannot be cross referenced and convcrted to a Beaufort number. lt must be 
stresscd that, bcforc any conversions are performed, a significant amount of research must 
bc conducted to ensure valid proccdures arc followed. Undcr all circumstances, wc must 
ensure that the original entries are not lost 
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It is uncertain at this point ifthe wind directions rcportcd in thc Maury Collcction 
arc magnetic or tme. Again, much more work is required in this area to document the 
common practice during this cra. From the minutes of the 1853 Maritime Conference 
hcld in Bmsscls (Maury, 1854), thc fo!lowing Statements were included: ''Thc direction of 
the wind is the magnetic dircction, with due allowances for appearances caused by the 
motion of the vessel. lt is the direction of the wind which has prevailcd for the last 8 
hours. It should bc cxpressed to the nearest point of the compass". They also agreed that 
"The force of thc wind should be expressed in figures. Thc nomenclaturc of Admiral 
Beaufort was adopted". However, as noted in the abovc paragraph, the Merchant Marine 
reports in the Maury Collcction did not conform to this recommendation until 
approximately the mid-1870s; thereforc, we cannot assume that the rcported wind 
directions were magnetic, although it is highly likely they werc, because of the 
infonnation needed to corrcct them to atme direction. 

A lineage of instmctions provided to the U .S. Marine observers from thc mid-
1800s until the present appears in Table I with details on when coding and observing 
practices changed with regards to wind direction and speed. Instmctions published 
between the 1880s and I 9 I 0 included the Beaufort scalc (0- I 2) with the description of 
the wind force as related to the use of saiis. llowever, the wind scaie noted in miies per 
hour was similar to the WMO Beaufort conversion to knots (adopted in I 947) up 
through forcc 4; somewhat lower between force 5 and 9; but much higher for force IO 
and above (reference figure I). From I 898 through I 924 thc published speeds associated 
with the Beaufort scale were somewhat higher than what wouid latcr become known as 
the WMO convention of mcan equivalent wind specds (WMO, 1970) for all Beaufort 
forces. However, the scalc that was published between I 898 and 1924 for forces I 0-12 
was considerably lower than the instmctions pubiished in the I 880s. By 1910, thosc in 
thc U.S. preparing the instmctions for the observer rcaiized they had a probiem, as most 
of the ships were no Ionger sailing vesscis. As a result, they simply droppcd any 
reference to sails and oniy maintained the word description and equivaient velocities in 
both statute and nauticai miies per hour. 

In I 925, the U.S. issued another edition of instmctions to the marine observers. 
In this issue, and the one to follow in 1929, the equivaient wind velocities were prcsented 
in meters per second and statute miles pcr hour. These equivaient wind speeds were those 
uscd by the British since 1906 and which were later adopted by the IMO in 1947. To aid 
the observer in estimating the winds, new descriptive tenns were added, one specifically 
for use on land and a second which was again based on a mode of estimating the wind 
speed aboard a sailing vessel. By 1938 a differentapproachwas instituted. They again 
dropped the equivalent wind speed and added descriptive tenns based on the state of the 
sea, but with a few caveats. The descriptions oniy went through force 5, as they 
theorized that sea heights gencrated above force 5 werc generally near stonn centers where 
rapid changes of duration and veiocity wouid not permit the sea to reach a state of 
equilibrium with respect to the wind. The instmctions also indicated that, to use this 
method, the ship had to be in the open sea and the sea surface had to be in a state of 
equiiibrium (no appreciabic current, and the wind direction and speed had to remain 
essentially constant for a sufficient Iength oftime). 

Based on the International Meteorological Code adopted by the IMO, 
Washington, D.C., in 1947, wind directions were to bc reported in tens of degrees and 
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speeds in knots. However, the new instructions provided a description of the sea state 
for cach Beaufort number (0-12) and a coded value in knots corresponding to each 
Beaufort number. This coded valuc is the one used to convert allBeaufort Forcewinds in 
COADS, except for two relatively small data sources which were converted using a 
slightly different convcrsion. This conversion only differcd by I or 2 knots, in 7 Beaufort 
catcgorics, from the 1947 !MO convention. 

With regard to the Beaufort force, the U.S. continued to provide the same 
instmctions from 1949 through 1981, with the exception of 1949 when thcy publishcd a 
codc value in knots. Pictures of the state of the sea wcre then published in 1982 for 
Beaufort forces 3-12 as guidance. Forces 0-2 only carried a description. Howevcr, with 
each photograph a wind speed, rounded to the nearest 5 knots, was inserted into thc 
lowcr scction of the photograph except for force 5 which displayed two photographs, onc 
at IR knots and a second at 20 knots. In 1992, the Instructions were again rcvised and 
color photographs of the state of the sea wcre published for each Beaufort forcc (0-12) 
with only the wind speed range insertcd below each photograph. 

Summary 

Many of the observing practices and changes to those practices have introduced 
numcrous biases to the data. By identifying whcre these have been introduced, through 
rcscarching thc historical documcntation and analyzing the digitizcd data, it is believcd 
that many of thesc biases can bc idcntificd and adjusted sufficicntly to whcrc thc wind 
record containcd within COADS will provc most beneficial to ocean research, especially 
climate and global change studies. Wehave just bcgun to idcntify the U.S. coding and 
obscrving practiecs with this study, yet much more effort is nceded to invcstigate those 
of all maritime nations. 
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Table 1: 

EXAMPLES OF CHANGES IN U.S. CODES & OBSERVING PRACTICES 
Instructions Edition Wind Speed Wind Direction 

Edition Year 

Instructions pre-IS70's Descriptive Terms 32 point scale, Magnetic or True'. 
attached to form 

1880's Beaufort Force 32 point scale, mean 
magnetic direction 

1898 32 point scale, true direction 

H.O. Pub 119 1903 

Circular M 

Ist Edition 1906 

2nd 1908 

3rd 1910 

4th 1925 Added new descriptions 

5th 1929 

6th 1938 Ward descriptions DD+ 33=gustiness, 
Force 0-5 DD+67=squalls 

7th 1941 

Provisional 1949 Knots 36 Point scale 

8th 1950 

9th 1954 

l Oth 1959 

IIth 1963 

12th 1964 

NWS 

Observing Hand-
book #I 

Ist Edition 1969 

1971 

1974, rev 

Jan, '82 Sea state photos, Force 
3-12 

Jul, '91 Color photos, Force 
1-12 

Nov, '94 

(code change) 
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Near-GiobaiMSLP Since 1871: A Source for COADS Wind Validation 

Introduction 

Robert J. Allan 

Climate Impact Group, 
CSIRO Division of Atmospheric Research, 

Melboume, Victoria, 
Australia. 

Recent research emphases on the enhanced greenhause effect and climatic 
variability has scen the development of quality controlled global historical data 
compilations covcring land and sea surface temperatures (including integrated sets), 
precipitation and clouds. However, no such global to near-global coverage is available with 
regard to parameters indicative of near-surface atmospheric circulation. At present, Iang
term monthly mean sea Ievel pressure data sets cover 85°N-l5°N, 0°E-5°W (1899-1991) 
(see Bradley et a 1., 1994) and l5°S-60°S, 0°E-5°W ( 1911-1989) (Jones, 1991 ). Shorter 
global to regional compilations arc available (see Jones and Wigley, 1988; Jones, 1991; 
Barnett and Jones, 1992; Bradley et al., 1994), but they do not have the temporal 
coverage necessary to resolve the range of decadal-multidecadal tluctuations in climate 
'that are evident in other historical data sets. 

Efforts are currently underway to redress the above situation with the 
construction of a unique near-global monthly sea Ievel pressure (MSLP) compilation 
using both land and ship observcd data and covering the period since 1871 (Allan, 1993 ). 
A preliminary version of this MSLP set has been used to examine the Iang-tenn nature of 
relationships indicative ofthe EI Niii.o Southern Oscillation (ENSO) phenomenon. Results 
from analyses of the historical instrumental period using the MSLP data have idcntified 
decadal-multidecadal global scalc tluctuations in ENSO and the climate system. Periods or 
epochs with different ENSO and MSLP characteristics should also be evident in variables 
such as surface wind fields that are indicative of atmospheric circulation pattems. In fact, 
assuming a simple geostrophic relationship with the new near-global MSLP data would 
allow thc calculation of a proxy field for near-surface winds, which could be uscd as a 
check on thc validity of land or Comprehensivc Occan-Atmosphcrc Data Set (COADS) 
ship observcd wind fields. In thc latter casc, this would aid in cfforts to dcvelop a quality 
controlled historical oceanic ncar-surfacc wind data compilation. 

This papcr outlines thc current status of the new ncar-global MSLP compilation, 
some analyscs with a preliminary version of this product, and its potential as a check for 
historical ship wind reconstruction's based on cxperience with studies in the Indian Ocean 
reg1on. 
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Data Sources and Methods 

Historical station Ievel pressure from land stations and MSLP data from ships 
across the globe were obtained from World Weather Records (Smithsonian Institute, 
1944; WeatherDisc Associates, 1990), Lockyer (1908); Reseau Mondial (1910-34); 
Berlage, (1957, 1966); Schove and Berlage (1965); Jones (1991); COADS (Woodruff et 
al., 1987); Allan et al. (1991); Young (1993) and Allan and D'rrigo (1995) (Figure I). 
Additional records were extracted from numerous manuscripts held by various 
meteorological services and reports in old meteorological journals. Station Ievel pressure 
data were reduced to MSLP, and all the resulting MSLP time series were checked and 
corrected where necessary using a three stage process. In the first stage, each of the 
individual time series were detrended linearly and the annual cycle removed; the data were 
then examined for spurious data points, jumps and trends. The second stage of quality 
control involved cross checking spatially, with the construction of station differences 
betwcen each time series and neighboring time series used to highlight spurious data 
points, jumps and trends. Monthly mean gridded data were then derived frorn the point 
measurements of MSLP that had undergone the first two stages of quality control, and 
contoured to form spatial fields ofmonthly MSLP since 1871. A third and finalstagewas 
the subjective checking of each contoured monthly MSLP field against long-term monthly 
climatologies for obvious spatial inhomogeneities. 

Applications 

Prcliminary MSLP correlation studics of ENSO and the c/imate system 
A preliminary version of the MSLP dataset was thc basis for correlation analyses 

examining the spatial and temporal pattcrn of ENSO/anti-ENSO teleconnections through 
relationships between Darwin and global MSLP observations since 1879 (Allan, 1993). 
Darwin MSLP was used instead of a Southern Oscillation Index (SO!), because a 
nmnmg/sliding corrclation (set at 21 years in this case) between the two MSLP stations 
most often used to form a SO! (Tahiti and Darwin) showed that the correlation structure 
has changed on multidecadal time frames (Figure 2). In fact, the strong out of phase 
relationship between these stations, that is common to more recent epochs and is the 
basis ofpersistence forecasts, was not evident over the full period ofrecord (1876-1990). 
In order to test the wider responses of ENSO during the historical period, and given the 
indications in Figure 2, the preliminary MSLP data set was divided initially into five 21-
year periods centered araund the years 1921-41, when ENSO was apparently weaker 
than at any other time in the record. The validity of partitioning the data into these five 
different periods was supported by a number of papers in the Iiterature which have 
documented the marked weakening and even 'breakdown' of correlation's between ENSO 
and rainfall over the globe during the 1920s-30s period. 

Figures 3, 4 and 5 show the three most differing epochs in terms of ENSO 
characteristics during the historical record. Both the earliest (1879-99) and the most recent 
(1963-83) epochs display the type of coherent and robust patterns indicative of the 
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distribution and extent ofENSO impacts.llowever, thc 1921-41 period (Figure 4) shows 
a morc fragmented pattern, with the major rcgions in both Indo-Australasia and the 
southeastern Pacific being very much wcakcr and contracted in spatial extent. Thus it 
would seem that regions of ENSO influencc over the globc wax and wane on decadal
multidccadal time scales. The correlation patterns derivcd from the MSLP set should also 
reflect changes in other oceanic and atmosphcric variables such as broad scale wind 
patterns. This could be assessed if a global near-surface wind compilation covering the 
historical period was produced. 

Potential as a checkfor historical ship wind reconstructions: Indian Ocean experience 
Significant research has been conducted on historical data observations over the 

Indian Ocean-Australian region during thc austral summer (JFM) (Allan and Lindesay, 
1991, 1993; Lindesay and Allan, 1992, 1993; Allan et al., 1995). These studies show 
different spatial responses in atmospheric circulation/wind, MSLP, sea surface 
temperature (SST) and cloudiness on inter-annual to multidecadal time scales. Confidence 
in the observed surface wind data analyzed in the above studies was increascd by a 
comparison of observed winds and those derived from MSLP gradients under a 
geostrophic assumption (Ward, 1991, 1992). Despile potential biases inship winds due 
to changing observer practices, the studies of Ward (1991, 1992) have indicated that data 
problems relating to observed ship winds tend to be least over the Indian Ocean basin 
when compared to other ocean regions. llowever, wind reconstructions using existing 
MSLP data gradients also need to be examined with care due to potential problctns with 
the MSLP Observations in some ocean basins. Prcliminary analyses in Allan et al. (1995) 
suggest that, apart from pcriods of sparsc observations, MSLP data problcms in thc 
Indian Ocean region are most acutc at high latirudes along the far southern historical ship 
tracks. Some of these problems arc casily identified, as they show up as distinct outliers 
in MSLP time series. Others are less obvious, and require carcful quality control efforts to 
identify them. 

Conclusions 

Studies with a preliminary version of a new global MSLP data set have revealed 
flucruations in ENSO and the climate system that should also be detectablc in surface 
wind fields. In addition, efforts to produce high quality surface wind field data from 
sources such as COADS ship obscrvations would benefit substantially from camparisans 
with geostrophically derived surface wind fields calculated from a high quality MSLP 
compilation. As noted in Altan ( 1993) and this study, examinations of historical global 
MSLP data and the development of a more comprehensive global MSLP compilation are 
in progress. The ultimate aim is to produce an MSLP data set comparable in quality to 
the Global sea-Ice and Sea Surface Temperature (GISST) compilation produced by the 
United Kingdom Meteorological Office (UKMO). 
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Figure 1: Maximum distribution of land and ship Observations of MSLP used in the new 
glo!>al monthly MSLP data compilation 
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Figure 2: 21 year runninglsliding monthly correlations between Darwin and Tahiti 
MSLP since 1876. Areas of negative correlation significant at the 95% Ievel a re shaded. 
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Figure 3: Seasonal analysis of regions of significant (at the 95 % Ievel) positive (shaded) 
and negative (stippled) correlation between mean sea Ievel pressure (MSLP) at Darwin 
(Australia) and other stations over the globe for the 1879-1899 epoch. Season are 
defined as the months DJF, MAM, JJA and SON. Contours are shown for correlation 
coefficients at every 0.2 interval. 
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Figure 4: As in Figure 3, except for the 1921-1941 epoch. 
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Figure 5: As in Figure 3, except for the 1963-1983 epoch. 
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Abstract 

We have investigated the spatial pattcm of marine surface wind changes for the 
month of January ovcr the North Atlantic and North Pacific Oceans from 1978 to 1992. 
Compared to the correlation pattem of observed wind and geostrophic wind based on 
monthly mean NMC analysis data, the correlation of COADS surface winds with 
geostrophic wind based on COADS monthly mean sea Ievel pressurc are satisfactory over 
the regions where the number of observation is high enough to allow more than five 
observations per 4-degree box per month on average. 

EOF analysis for the regions of high observed vs. geostrophic wind correlation 
produce similar pattcms ofthe leading EOFs in the observed and geostrophic wind fields. 
Over both the North Atlantic and North Pacific Oceans, the large-scale wind changes 
exhibit a zonally symmetric dipole structure, i.e. westerly anomalies increase in the 
westerly wind beltat middle to high latitudes, and easterly anomalies increase in the Irade 
wind region at lower latitudes. 

lntroduction 

The existence of observational bias in the marine surface wind reports from ships 
has been a major concern when using such data to detect long-terrn climate signals and 
trends over the ocean (Ramage, 1987; Wright, 1986). The bias is especially significant 
during the periods from the middle 1960's to the end of the 1970's when major changes in 
the application of the Beaufort scale Standards and the increasing use of anemometers 
were taking place (Cardone et al., 1990; Isemer and Hasse, 1991 ). Since the end of the 
1970's, the methods used to observe the surface wind have become more consistent. As 
shown in Table I, the relative ratio of the number of anemometer measurements versus 
those based on Beaufort estimation has increased by less than ten percent during the I 0 
years from 1980 to 1989. This is relatively small compared to ab out a forty percent 
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percent change during the previous 13 years 1965 to 1977. Consequently, the systematic 
biases induced by such changes should be correspondingly reduced. 

In a previous study of the zonal averages over the global oceans based on COADS 
intcrim product (Diaz et al., 1992), we showed that there had been an improvement in the 
agreement between zonal components of observed wind and geostrophic wind derived 
from the COADS sea Ievel pressure field starting in the late 1970's. The improvement 
was reflected in closer agreement of the linear trends in area-average indices for January 
and July of the two wind fields. In the Northem Bemisphere both the obscrved wind and 
derived geostrophic wind had shown a strcngthening of the westerly circulation although 
thc magnitude is more or less according to season and latitude. 

In this work, we further investigate the spatial structure of surface wind change at 
thc ocean basin scale using EOF analysis. We will argue that due to the much smaller 
anemometer bias during thc last decade, the time changes revealed in the monthly mean 
ocean surface wind data of COADS should reflect real climatic signals on the interannual 
to decade time scale, rather than the artificial effccts. 

Evaluation of the geostrophic wind method with monthly mean data 

Following Ratnage (1987), the surface pressure ficld, or the gcostrophic wind 
derived from the pressure field, can be used as an non-biased reference to evaluate the 
changes in the obscrved wind fields. One uncertainty in the calculation of the geostrophic 
wind field is the irregular distribution of the ship observations both in time and space. 
Another concem is the non-geostrophic effccts. Several methods have been proposed to 
improve the calculation. Lindau et al. ( 1990) suggested a method in which they first 
calculated mean observed wind direction, the angle between the base-line connecting two 
ships and thc mean wind direction (ß) and thc gcostrophic wind component normal to the 
base-line (Vgn); then by fitting sinusoidal functions to the curves of Ygn vs. ß for each 
Beaufort Scale number they were ablc to obtain the geostrophic wind speed and 
ageostrophic angle. This method was devised to apply to individual ship reports. Ward 
( 1992) calculated gcostrophic wind using two-degree box seasonal mean pressure field 
converted from thc COADS monthly mcan product. In his calculation Ward deduced 
some prcferrcd dircctions of the wind field for different ocean regions, the geostrophic 

wind is calculatcd only along these prcferrcd directions with an allowance of±20° shift of 
the geostrophic wind dircction from a prcscribed preferrcd dircction. He used an empirical 
forrnula (Garrat, 1977) to mcludc thc cffcct of friction on thc wind speed. Dcser (1993) 
uscd regression method to detennine thc friction terrn and she notcd that over the tropical 
Pacific (20N-20S) the inclusion of the friction terrn is morc important for calculation of 
thc meridional component. 

The data we have uscd herc is thc monthly mcan product of COADS Release-la 
(Woodruff et al., 1993), namely thc observed wind ficlds, which were comparcd to the 
geostrophic wind calculated from thc monthly surface prcssurc field in 4x4 dcgree boxes, 
assuming only Simple geostrophic balancc. In the following we first give an evaluation of 
our geostrophic wind calculations. 
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Ideally, the surface pressure ficld used to calculate the geostrophic wind should bc 
observed simultaneously with the surface wind. However, this condition is not often ablc 
to be satisfied in many parts of the ocean by the network of ship observations. The usc 
of monthly mean values will induce errors in the calculated geostrophic winds and weakcn 
its correlation to the observed wind due to arbitrarily shifting the time of the observation. 
within a month and the positions within a box. In order to evaluate how much this kind 
of error will affect our results, we have made similar calculations using the NMC analysi 
data of both twice daily and monthly mean products. The twice daily data used t< 
calculate the geostrophic wind covers 90 days from Decembcr I, 1991 to F ebruary n 
1992 providing a total of 180 time points for each grid point. Thc monthly mean data sc 
covers 84 months from January 1985 to Decembcr 1991. 

Thc correlations between the observed wind and geostrophic wind are shown i" 
Figure I. High corrclation pattems are obtained for both zonal and meridional win<' 
componcnts. Whcn thc monthly mean data is used, the corrclations arc still high ovc1 
most ofthe extra tropical oceans for the zonal wind component but they are significantl\ 
rcduced for the meridional wind component. Since the NMC daily analysis are generall' 
complete for each grid point, the difference between the correlation pattcms of daily data 
and monthly mean data actually describes the effect ofremoving the short time and small 
spatial scale eddies. lt is clear that for the purposc of using gcostrophic wind to estimatc 
the changc of wind spced or the full vector wind field, it would be better to usc the data 
with daily time resolution. Sincc thc smaller scalc eddies have a greater impact on thc 
relative accuracy of thc derivcd meridional geostrophic wind component, data that arc 
capable of resolving thcse scales of atmospheric motions are necessary to get a good 
reprcsentation of the meridional wind by its geostrophic component. 

Comparing the pattcm of correlation coefficients betwcen the observcd wind and 
geostrophic wind based on COADS monthly mcan (Figurc 2) to that of NMC monthly 
mean, we note that most of the NMC monthly mean correlation can be rcproduccd by 
COADS in the North Atlantic and North Pacific Oceans for the zonal wind componcnt. 
\Vithin thcse regions the number of observations is high cnough to allow at least onc data 
per month per box, and the numbcr of Observations range from 5 to 291 per month per 
box (sec figure 2b of Diaz et al., 1992). In the Southem llemispherc thc high correlations 
in thc correpsonding NMC monthly data arc not reproduccd by thc COADS data, 
because therc are much fewer obscrvations in the southem oceans. For thc meridional 
wind component thc covcragc of high corrclation is evcn morc rcduccd with thc COADS 
monthly mean. 

We have includcd a friction terrn in thc calculation of gcostrophic wind and found 
that thc inclusion of this tcnn has only a minor impact on thc correlation pattcms. \V c 
concludc that the largest sourcc of error affecting the correlation pattern betwccn 
geostrophic and obscrvcd wind comcs from thc distribution and number of observations. 

The spatial structure of changes ofthe zonal ll'ind over the northern mid-latitude aceans 

To verify the wind changcs shown in thc time series of zonal mcans (Diaz et al., 
1992), thc spatial structure of thc changes of surface zonal wind ovcr the North Atlantic 
(70N-!ON) and Northcrn Pacific (60N-ION) Oceans arefurther examincd by mcans of 
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EOF analysis. The geostrophic wind and observed wind show similar spatial and 
temporal pattems of change during the last decade. 

North Atlantic Ocean (JON-70N) 
The EOF-1 pattems of the observed and geostrophic wind fields over the North 

Atlantic Ocean are shown in Figures 3a & b. The north-south dipole ofthe North Atlantic 
Oscillation is thc most significant fcature in the behavior of both wind fields. One 
amplitude center is at 55N with another of opposite sign at 30N while the zero line tilts 
from 50N in thc west to the 38N in the east. Figure 3c shows the time series of the 
projections of the observed wind and geostrophic wind on its EOF-1 mode, i.e. the time 
scries of the PC-ls, respectively. The strongest signal in the EOF-1 pattems may be 
contributed mostly by the interannual variations in the wind field. Although 
comparatively weaker to the interannual variability, an upward trend in the PC time series 
of this mode can still be observed. An increase of westerly anomalies in the middle and 
high latitudes (40N-65N) is shown tagether with an increase of easterly anomalies in the 
mid-to-low latitudes (I ON-40N). The two PC-1 time scries agree with each other very 
weil as shown by the high value (0.94) of their correlation cocfficient. In the EOF-2 of 
the observed wind (Figure 4a), centers ofthe maximum amplitude ofthe change are found 
at the latitudes of zero amplitude in its EOF-1 mode. This observed mode is weil 
rcproduced by the EOF-3 of the geostrophic wind (Figure 4b ). Time series of both the 
PC-2 of observed wind and PC-3 of geostrophic wind show increasing values which 
corresponding to an intensification ofthese modes (Figure 4c). 

North Pacific Ocean (JON-60N) 
The EOF-1 mode of observed wind over the North Pacific Ocean also shows a 

dipole structure. A positive center of maximum variability is located at about 25N latitude 
while a negative one is at 50N and the zero linc at about 40N. This modc is reproduccd 
by the EOF-2 of the gcostrophic wind (Figure 5a & b). The time series of the PCs of 
thcse two modcs show good agreement, with a corrclation coefficient of r = 0.90 (figure 
Sc). The low frequency trcnds appcar to be in greater agreement than thc interannual 
variations. The westerly anomalies havc intensified at 50N and easterly anomalies have 
intensified at 25N during thc last decadc. The reason for the EOF- I geostrophic wind not 
beingable to represent the EOF-1 of observed wind is due to much !arger variabi1ity in thc 
geostrophic wind at the low latitudes. When we calculate the EOFs for the latitudes from 
20N to 60N, the EOF-1 of observed wind is weil reproduced by the EOF-I of 
geostrophic wind (Figure 6a & b) and the correlation coefficients of the two PC-l's is 0.67 
with their linear trend being almost the same value (Figure 6c ). 

Swface wind changes during 1979-92 
Figure 7 shows the time scries of the regional means of the zonal wind 

components of 1979-92. Regions arc chosen according to two requirements: (i) presence 
of high geostrophic vs. observed wind correlation cocfficients, and (ii) region 
encompassing the maximum centers of variability in thc EOF-1 modes in the North 
Atlantic and North Pacific. The areas chosen for Figurc 7 and the trends and their t-test 
values are listed in Tablc-2. The largest observcd increasc ofthe surface zonal wind is the 
westerly anoma1ies ovcr the mid-latitude North Atlantic. Thc linear trend is about 0.3 
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m/s per year. The westerly anomalies over the mid-latitude North Pacific showed a linear 
trend of about 0.1 m/s per year. Within the low latitude regions, the easterly an omalies 
over the subtropical North Pacific and subtropical North Atlantic Oceans, the linear 
trends are smaller but of similar magnitude, about 0.2 m/s per year. 

Conclusions 

Using the geostrophic windfieldas a non-biased reference, we havc analyzed thc 
surface wind change during the period 1978-92 based on the COADS Release-! a monthly 
mean product. The validation of the method is evaluated by comparing the pattem of 
geostrophic vs. observed wind correlation coefficient calculated from COADS monthly 
mean to those calculated from both of the NMC twice daily analysis and its monthly 
means. The latter ones are considered to be the optimum fields based on currently 
available data. The pattem of correlation coefficient ofthe NMC monthly means areweil 
reproduced by COADS data for both the zonal and meridional wind components over the 
oceans where the number of Observations are high enough to allow more than five data per 
box per month on average. High correlation values between u and ug cover extensive 
oceanic areas only for the zonal wind components. The meridional geostrophic wind 
calculated from the monthly mean pressure field exhibits good correlation compared to its 
observed counterpart only over small ocean regions. Thus, the geostrophic wind is not 
useful for evaluating the changes in observed meridional wind using the available monthly 
mean data, although its use may be adequate for this purpose, provided highcr data 
densities are avai1able. 

Resu!ts of both the EOF analysis and regional means are consistent with the 
results bascd on zonally averagcd wind data. The monthly mean zonal wind for January 
displays a clear signal that westedies over the mid-latitude North Atlantic and mid
latitude Pacific aceans and easterlies over the northern subtropical aceans have 
strengthened in the past decade. The largest increases are observed over the North 
Atlantic Ocean with a linear trend of about 0.3 m/s per year. The linear trend is about 0.1 
m/s per year over the North Pacific Ocean, and about 0.2 m/s per year over the 
subtropical At!antic and subtropical Pacific oceans. The signals in the observed wind are 
weil reproduced in the geostrophic wind field for zonal means, regional means and !cading 
EOF modes. On such basis, we conclude that an increase of the January surface zonal 
wind observed from 1979-92, is !ikely a real climatic signal, rather than the result of 
artificial biases. 
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Table 1: Ratio of number of Voluntary Observing Fleet ships with anemometers to total 
number of ships: 

Year Ratio(%) 

1980 42.7 

1981 42.8 

1982 42.8 

1983 43.7 

1984 45.3 

1985 45.5 

1986 47.3 

1987 46.7 

1988 46.5 

1989 48.7 

Table 2: Percentage of the explained variance with each of the first 5 EOF's 

N. Atlantic N.Pacific 

EOF-# u gu u gu 

I 34.43 22.26 40.29 25.61 

2 18.68 15.70 27.22 20.78 

3 14.25 11.89 6.58 10.58 

4 8.26 9.76 6.15 8.64 

5 7.98 7.93 4.72 7.97 
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Table 3: Linear Trend of Surface Zonal wind over Selected Regions: 

Region Trend(u) t-test value Trcnd(gu) t-test valuc 

rn!s/yr rn!s/yr 

North Atlantic 

1: (60N-44N, 60W-0) 0.31 1.58 0.36 -1.69 

11:(28N-12N,70W-IOW) -0.19 -1.71 -0.28 1.54 

N orth Pacific 

111:(52N-32N,l30E-120W) 0.11 1.14 0.16 1.54 

IV:(28N-8N, 130E-120W) -0.18 -2.53 -0.22 -2.09 

n-2=12 a=O.l ta=l. 782 

Table 4: Changes of the zonal wind between 1979-85 and 1986-92 

1979-85 1986-92 1979-92 

u(rnls) 1'. u/u 

% 

Region 

I 3.27 5.63 4.45 53.0 

II -4.13 -5.46 -4.80 27.7 

III 3.22 4.41 3.82 31.2 

IV -3.70 -5.55 -4.62 40.0 

gu(rnls) 1'. gu/gu 

% 

Region 

I 4.75 7.42 6.09 43.8 

[[ -6.46 -8.39 -7.42 26.0 

III 4.02 5.40 4.71 29.3 

IV -6.57 -8.79 -7.86 28.9 
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Figure la: Correlation coefficient of observed vs. geostrophic wind for NMC twice daily 
analysis, zonal wind component 

CORR. COEF. OF OBSERVED VS GEOSTROPHIC WIND (1991-92) 

60 

30 

EQ 

30 

60 
. . . 

· ······~········t·······~·-·~·~·······~---····~·-···· 
90SL-------~--~~--~--------~~----~~------~~----~~ 

COJI'1"'U1t Pli* A 1'0 .I IY 2 

0 60E 120E 180 120W 60W 0 

Figure lb: Correlation coefficient of observed vs. geostrophic wind for NMC twice daily 
anaJysis, meridional wind component 
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Figure lc: Correlation coefficient of observed vs. geostrophic wind for NMC monthly 
mean, zonal wind component. 

CORR. COEF. OF OBSERVED VS GEOSTROPfUC 1tlND (1985-91) 
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Figure ld: Correlation Coefficient of observed vs. geostrophic wind for NMC monthly 
mean, meridional wind component. 
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Figure 2a: Correlation coefficient of observed vs. geostrophic wind for COADS monthly 
mean, zonal wind component 

CORR. COEF. OF OBSERVED VS GEOSTROPIDC WIND (1979-92) 
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Figure 2b: Correlation coefficient of observed vs. geostrophic wind for COADS monthly 
mean, meridional wind component. 
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Figure 3a: EOF -modes of tbe surface zonal wind field over tbe North Atlantic Ocean 
(70N-10N): EOF-1 ofthe observed wind 

EOF-1, U, JAN. 1979-92, EVAL=0.334, INTVL=0.02 

_,.. ,_ -..l,. .•• ., .. 

Figure 3b: EOf-modes of tbe surface zonal wind field over the North Atlantic Ocean 
(70N-10N) EOF-1 of the geostrophic wind. 

EOF-1, GU, JAN. 1979-92, EVAL=0.223, INTVL=0.02 
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Figure 3c: EOF -modes of the surface zonal wind field over the North Atlantic Ocean 
(70N-10N); Time series of the projection of the ovserved (solid line) and geostrophic 
(dashed Iiine) zonal wind field on their EOF-1 modes respectively. 
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Figure 3d: EOF -modes of the surface zonal wind field over the North Atlantic Ocean 
(70N-10N); Scatter diagram of the two time series. 
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Figure 4a: EOF -modes of the surface zonal wind field over the North Atlantic Ocean 
(70N-10N); EOF-2 of the observed wind 

EOF-2, U, JAN. 1979-92, EVAL=0.187, INTVL=0.02 

Figure 4b: EOF -modes of the surface zonal wind field over the North Atlantic Ocean 
(70N-10N); EOF-3 of the geostrophic wind. 
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Figure 4c: EOF -modes of the surface zonal wind field over the North Atlantic Ocean 
(70N-10N); time series of the projection of the observed zonal wind field on its EOF-2 
mode (solid line) and the geostrophic zonal wind field on its EOF-3 mode (dashed line), 
PC-3 of the geostrophic wind has been inverted to match the sign of PC-2 of the 
observed wind 
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Figure 4d: EOF -modes of the surface zonal wind field over the North Atlantic Ocean 
(70N-10N); Scatter diagram of tbe two time series 
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Figure 5a: EOF -modes of the surface zonal wind field over the North Pacific Ocean 
(60N-10N); EOF-1 ofthe observed wind 
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Figure Sb: EOF-modes of the surface zonal wind field over the North Pacific Ocean 
(60N-10N); EOF-2 ofthe geostrophic wind 
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Figure Sc: EOF -modes of the surface zonal wind field over the North Pacific Ocean 
(60N-10N); time series of the projection of the observed wind field on its EOF-1 mode 
(solid line) and the geostrophic wind field onits EOF-2 mode (dashed line). 
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Figure Sd: EOF -modes of the surface zonal wind field over the North Pacific Ocean 
(60N-10N); Scatter diagram of the two time series. 
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Figure 6a: EOF-modes of the surface zonal field over tbe North Pacific Ocean (60N-
20N); EOF-1 ofthe observed wind. 
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Figure 6b: EOF -modes of the surface zonal wind field over the North Pacific Ocean 
(60N-10N); EOF-1 of the geostrophic wind. 
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Figure 6c: EOF-modes of the surface zonal wind field over the North Pacific Ocean 
(60N-10N); time series of the projection of the observed (solid line) and geostrophic 
(dashed line) zonal wind field on their EOF-1 modes respectively. 
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Figure 6d: EOF-modes of the surface zonal wind field over the North Pacific Ocean 
(60N-10N); Scatter diagram of the two time series. 

ljl'l .... 
u 
Q. 

6 

4 

2 

0 

-2 

-4 
-3 

u.jan. 79-92P 

-- y = 0.034845 + 0.95299x R= 0.67304 

I 
. ····--·······:······--............ ~.-................... ..!. ................. ~.................... . .... ·• ................ . 

! I 
i 

: . 

. 
. : I I 
;----··----·-·-:--·-······-·-······-·-··· ................... ! ...... - .................. -···-····-·-··-: I ! I 

1 1 1 • 1 l 

-2 -1 0 
pc1-u 

1 2 

66 

3 

..... 



Figure 7a: Time series of the regional means of the surface zonal wind over North 
Atlantic, solid lines for observed wind, dashed lines for geostrophic wind, see Table 3 
and 4 and text for details. 

u vs gu : Jan. 79-92, N. Atl. 
15 

10 

5 

Cl) 

0 'E 

-5 

-10 ' I --, __ ___,... , . 
-15 

1974 1978 1982 1986 1990 1994 
year 

Figure 7b: Time series of the regional means of the surface zonal wind over North 
Pacific, solid lines for observed wind, dashed lines for geostrophic wind, see Table 3 and 
4 and text for details. 
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Trends in Marine Surface Wind Speed: 
Ocean Weather Stations versus Voluntary Observing Ships 

Introduction 

Hans-Jörg lsemer 

GKSS - Research Centre 
Institute for Atmospheric Physics 

Geesthacht, Gennany 

This study is concemed with the reliability of the apparent rise of surface marine 
wind speed over much of the World Ocean after about World War II, which has been 
identified from data sets of uncorrected wind reports of the Voluntary Observing Fleet 
(VOF), such as the Comprehensive Ocean-Atmosphere Data Set (COADS, see e.g. 
Woodruff et al., 1987). Some studies pointout that this positive wind speed trend is a 
true climate signal or is at least partly real, and that estimates of derived heat budget 
variables such as latent heat flux have changed accordingly in the mentioned period (e.g., 
Bunker 1980, Whysall et al. 1987, Flohn ct al. 1990, 1992). Others indicate that observed 
wind trends, also in earlier records, are mainly an artefact produced by e.g. changing 
observational methods. From very detailed investigations of the VOF surface wind 
records itself, Cardone et al. ( 1990) conclude that the most likely explanation for most of 
the observed wind trends is non-climatic. Rarnage (1987), \Vright (1988) and Ward 
(1992), using horizontal pressure gradients from averaged sea Ievel pressure fields based 
on VOF pressure observations, could not find evidence which support the apparent wind 
trends in different regions of the World Ocean. Posmentier et al. ( 1989) confinn that the 
apparent positive wind trend in the Pacific Irade wind region after 1960 is not in 
accordance with independent evidence from sea surface temperature and sea Ievel data. All 
these studies suggest that the observed surface wind speed rise since about 1950 is not 
real, and that the real trend, if any, might be difficult to detect from VOF wind data. Note 
especially, that i) the mcntioned studies draw their critical conclusion from other than 
measured wind data, and ii) a real wind speed change over the ocean, if any, cannot bc 
estimated or bounded quantitatively from the data used. Contraversial discussions on the 
subject may also be found in the present workshop proceedings (see, e.g., Fleteher 1995, 
and Bansen and Bezdek 1995). 

A number of restrictions Iimit the value of VOF data for study of climate change, 
especially irregular distribution of the Observations in space and time, and inhomogeneaus 
or unknown measurement and observational techniques. Changes in ship types may 
introduce changes in reported wind speed or other variables, which may be misinterpreted 
as climate signals. Additionally, the VOF data contain a mixture of Beaufort estimates 
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and anemometer measurements, which are not necessarily compatible. The ratio of 
Beaufort estimates to measurements varies with time, thus introducing additional time 
dependent artefacts into the time series ofVOF-based marine wind speed. 

Some of the deficiencies in the VOF records may be at least partly avoided by 
using observations made at Ocean Weather Stations (OWS) which were permanently 
occupied for certain periods by Ocean Station Vessels (OSV). In this study, we use all 
available OWS surface meteorological records, which are of appropriate length for trend 
studies (Table I and Figure 1 ), and calculate multiyear trends of monthly scalar wind 
speed. We compare these results with trends calculated from VOF records extracted from 
the COADS for the same OWS regions in order to verify or disproof the apparent 
changes in the COADS, and to specify an estimate of the real wind trend, if any. 
Additionally, radiosonde data from some of the OWSs are considered and trends of 
monthly scalar wind spced on pressure Ievels in the lower troposphere are investigated 
and compared to those of the surface winds. This comparison with independent data, 
which are based on a completely different measurement technique, is performed in order 
to obtain additional confidence in the trend results of the OWS surface wind spced 
records. 

Data and Methods 

Surface Reports from Ocean Weather Stations 

The Ocean Weather Station surface data used in this study were obtained from thc 
National Climatic Data Centre (NCDC) at Asheville, NC, U.S.A. A complete overview of 
all OWS data available at NCDC and the data processing involved is given by Diaz et al. 
( 1987). Two different periods are covered by the OWS records: I) the earlier period, 
starting at the end of the 1940s and ending in the early 1970s (!3 stations in the Atlantic 
and Pacific Ocean), and 2) the /ater period from the mid 1970s to the end of the 1980s 
(four stations only in the Atlantic Ocean). For details see Table I. The only 
homogeneaus record covering the fulllength ofboth periods is at OWS M. Unfortunately, 
a discontinuity at OWS C in the mid-1970s, when the national responsibilities for this 
station changed leading to a significant change in ship type, and, hence, flow distortion 
and anemometer Ievel, that makes this record doubtful for studies of wind changes over 
the complete 40 year record. OWS T in the Pacific Ocean was occupied only during the 
summer periods. Here, data from May to October of each year are considered. 

The OWS monthly wind records ( except at OWS T) are continuous in time for the 
periods considered. Usually, three-hourly (in some periods and at some stations even 
one-hourly) meteorological surface observations were performed on OSVs. Subperiods 
with fewer data still contain at least two observations per day on average. Discussions 
with experts of the different national weather services and institutes, which were 
responsible for the OSVs, yield that wind reports from OSVs are exclusively based on 
anemometer measurements, not on Beaufort estimates. We find this confirmed by the 
distributions of reported wind speed analysed from the NCDC files, which in cantrast to 
VOF records do not show a predominance of the equivalent wind speeds of the Beaufort 
equivalent wind scale. 

69 



A very limited number of individual vessels have been used by the European 
countries (20 vessels total, but only 10 at the same time), Canada (four vessels total, but 
only two at the same time), Japan (between two and six vessels at the same time) and the 
former Soviet Union (six vessels). Moreover, some of the mentioned vessels are of the 
same type with identical ship dimensions and anemometer Ievels. The United States of 
America used a much !arger number of vessels from their Coast Guard fleet. However, 
most of these cutters belang to only four different classes with almost identical ship 
dimensions. 

The following two features restriet the value of OWS records: I) Available OWS 
data are limited to periods after World War I!, and, 2) only a small number of Ocean 
Weather Stations were occupied, all ofthem in the extratropical North Atlantic and North 
Pacific Oceans. 

COADS-MSTG Wind Speeds 

The Monthly Summary Trimmed Group (MSTG) version of Release I and 
Release Ia of thc COADS (see Woodruff 1995 in this volume) is used. This version 
consists of individual monthly means of meteorological surface variables, defined on a 
regular 2° x 2° longitude/latitude grid net for the World Ocean. We use scalar wind speed 
from this record throughout this study. Note, that the averages were calculated from both 
anemometer measurements and Beaufort estimates. OSV reports are mixed with the VOF 
reports in the COADS. Hence, for comparison with the OWS trends, time series of wind 
spccd for local OWS arcas arc cxtractcd from COADS MSTG, which arc bascd on data 
from a 3° x 3° grid box area centered on the nominal OWS positions, but excluding thc 
centrat gridpoint of this area, because a !arge fraction of the individual reports within this 
centrat 2° grid point stem from the OSVs. For presentation of the large-scale trend 
features (Figure 2) individual monthly means for 10° x JOO Marsden Squares (MS) arc 
formed from all 2° grid averages inside a MS by unweighted averaging. 

Radiosonde Data at Ocean Weather Stations 

Individual twice-daily radiosonde (RS) ascents made onboard of OSVs in thc 
Atlantic Ocean wcrc obtained from the British Meteorological Office and from NCDC 
(see Diaz et al., I 987). These records provide wind speed and direction, air temperaturc 
and humidity on both standard pressure Ievels and additional Ievels. Compared to the 
surfacc wind rccords the OSV RS data are more irregularly distributed in time, with !arger 
gaps and somewhat different periods covered. Upper-air time series at OWSs M, A, B, 
C, D, I, J, L are used here. For comparison with the surface wind spced trends we 
calculate trends of upper airwind speed on Standardpressure Ievels between 950 and 700 
hPa. Unfortunately, pressure Ievels with continuous data coverage vary from station to 
station. For example, at OWS A, wind speed at 900, 850, 800 and 700 hPa are nearly 
continuously available while, at OWS B, the lowest reliable Ievel with cnough data for 
trend studies is 800 hPa. llowever, in generat thrce or four Ievels between the surface and 
700 hPa with enough data for trend investigations are available per station. 
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l\fethods 

Monthly and Annual Time Series 

Individual monthly means of scalar wind speed are calculated fram the 0\VS 
surface wind speeds and also fram the upper air pressure Ievel wind data in order to 
obtain a comparable data form as is available fram COADS MSTG. The annual cycle is 
cxtracted by applying a 25 point Hamming filter. This filter is used instead of forming 
conventional anomalies in order to avoid aliasing (see, e.g., Edwards 1987). 

Trend Statistics 

We will restriet ourselves to linear trcnds in the time series using the simple model 

w(t) = a + b*t + ew, (l) 

where time, t, is the independent variable, and w(t) is monthly wind speed. The 
coefficient oflinear regression against time, b, is obtained from an unweighted linear fit to 
the monthly wind spced time series. ew is thc deviation fram the resulting trend line. 
Student's t - test is used to test b * 0 against the null hypothesis b = 0. The aim of this 
study is to Iook for changes within periods of typically 20 years, or more. We applied ( l) 
and the t - test to both monthly anomalies and annual averages of sealar wind speed. 
Although, trend results fram both data fonns show mostly small numerical differences, 
both methods give essentially the same results, espeeially, the significance tcst results are 
the same in general. Hence, only results bascd on monthly fittered data are given 
thraughout the paper. 

Results 

The Large-scale Pielure from COADS 

The large-scale coherent picture for the trapical and northem parts of the Pacific 
and Atlantic Oceans is that of an apparent significant positive trend of scalar wind speed 
(Figure 2), typically of order 0.2 to 0.4 m/s per decade. Only two out of 45 MS in the 
Atlantic Occan, and one out of96 MSs fram the Pacific Ocean show a significant negative 
trend. llighest positive trends exceed 0.6 m/s per decade west of Norway and araund the 
southem coast of Greenland in the Atlantic Ocean, and araund the Indonesian islands and 
in the weslern Bering Sea in the Pacific Ocean. Especially the time series from the region 
between 50° and 60°N in the Atlantic Ocean do not indicate a significant change of 
surface wind speed. 
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Surface Wind Speed Trends at Ocean Weather Statiansfram 1949 ta 1972 

Results of trend analysis of the OSV series at OWSs are given for the Iongest 
reliable periods available (Figure 3 ). The only OWS with a significant positive wind speed 
trend is OWS M off the Norwegian coast with a linear 0.45 ± 0.33 m/s per decade 
increase of wind speed from 1949 to 1975. Also, for the whole period available the 
positive wind speed trend is significantly different from zero at this station. All other 
stations show a non-significant wind speed change, or, at OWSs I, J in the Atlantic 
Ocean, and for the summertime series of OWS T in the Pacific Ocean, even a significant 
negative trend. Figure 3 suggests that in the North Atlantic Ocean between 30°N and 
70°N there is no significant trend of surface wind speed except for two limited areas. 
West of Ire land, two stations indicate a decrease, while, between Norway and Iceland, one 
station indicates a strengthening of surface wind speed. 

Camparisan with VOF Datafrom COADS 

The trend results for the OWS areas from the COADS-MSTG (Figure 3) agree in 
general with the results of the respective MS they are extracted of (Figure 2). Exceptions 
are found at OWSs B and C. All OWS areas in the Pacific Ocean show an apparent 
significant increase of surface wind speed. In the Atlantic Ocean, the northemmost station 
area (OWS M) and the southem areas D, E and K show an apparent significant rise of 
wind speed, in the other areas, except at OWS A, wind speed apparently did not change 
significantly. These areas are situated between 50° and 60°N. OWS A is the only area 
with a significant decrease of surface wind speed as apparent from COADS-MSTG. 

Comparison of the OWS results with the VOF results from COADS-MSTG 
(Figure 3) indicates that at all stations, except at OWS A in the Atlantic Ocean, the VOF 
trends are more positive (or less negative, respectively) than the OWS trends. For a 
qualitative comparison three types of trend results might be considered, significantly 
positive, significantly negative and nonsignificant changes. In these terms, agreement 
between OWS and VOF results are obtained only at OWSs B and C (nonsignificant 
changes) and at OWS M (significantly positive). 

Surface Wind Speed Trends at Ocean Weather Stationsfrom 1976 to 1989 

In the later period, none of the four stations with available OSV data in the 
Atlantic Ocean shows a significant change of surface wind speed while at three stations 
(C, L, R) the COADS-MSTG data indicate a significant increase of surface wind speed 
(Figure 4). Agreement between both data records, indicating no significant wind speed 
change, is obtained only at OWS M. 

Upper Air Wind Speed Trends at Ocean Weather Stations 

The intention here is not to detail the vertical structure of wind changes at all 
stations but to check whether the surface wind changes in the OSV records are supported 
by those in the lower troposphere from the OSV radiosonde (RS) records. At all stations 
and both periods investigated here, trend results show a high degree of vertical 
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homogeneity. As an example, Table 2 depicts trend results for all available Ievels from 
the surface up to 700 hPa at OWSs A and C. At both stations wind speed tended to 
decrease in the lower troposphere, however, only at OWS A is this trend significantly 
negative at 850 hPa and higher Ievels. OWS A is the only station among those investigated 
here with a significant trend in lowcr tropospheric wind speed, and this trcnd is negative. 
At this station the decrease of wind speed with time grows monotonically with hcight 
from the surface up to 800 hPa and shows little change higher at 700 hPa. This feature 
suggests the following physically meaningful interpretation. The significant decrease of 
wind speed in the lower free troposphere outside the planetary boundary layer (PBL), 
which is presumably controlled by the change of the large-scale pressure gradient, might 
have been weakened by an opposite trend of physical processes insidc the PBL (e.g. a 
change offrictional forccs, stability, or advcction). For all stations with available RS data, 
trend results of the two lowest pressure Ievels arc compared to the surface results in 
Figurc 5. At all stations in both periods the trends of the upper air winds do not 
contradict those of the surface winds. lf the trend at the surface and that at thc lowest 
available pressure Ievel indicate different signs, both are never significantly different from 
zero (Table 2). Especially noteworthy is that there is no significant positive trend of wind 
speed at eilher station in eilher period at eilher pressure Ievel below 700 hPa. 

Summary and Conclusion 

There is no significant increase of monthly surfacc scalar wind speed, derived 
from anemometer measurements perfom1cd regularly onhoard of Ocean Station Vessels 
(OSV) at extratropical Ocean Wcather Stations (OWS) in thc North Atlantic and North 
Pacific Oceans, in the period from the latc 1940s to the early 1970s. The only exception 
is at OWS M off the Norwegian coast at 66°N & 2°E. Here, an incrcasc of surface wind 
specd of +0.30 ± 0.18 m/s per dccade for the period 1949 to 1989 is observed. llowever, 
this result at OWS M is strongly dependent on thc chosen period. Excluding the years 
1950 to 1953, which show anomalous low wind speeds, changcs thc trend rcsult to 
insignificant (not detailed herc). Also, for the later period after 1975, no significant 
change in surface wind speed is detectable in the OSV records at four OWSs in the North 
Atlantic Ocean. 

Wind speed in the lower troposphere, derived from radiosende ascents at North 
Atlantic Ocean OWSs, support the trend results of the surfacc anemometer 
measuremcnts. At these stations, there is no significant positive trend of wind specd at 
eilher station in eilher period at either pressure Ievel bclow 700 hPa detectablc. The only 
significant trend signal is a wind speed decrease at OWS A between leeland and Greenland 
in the period 1949 to 1972 (Tab1c 2). 

Thc COADS-MSTG wind records, which are based on a mixture of Beaufort 
estimates and anemometer measurements from VOF ships, show, in gcneral, a more 
positive (or less negative) wind speed trend at the OWS areas compared to the OSV 
records. This is true for both the earlier and latcr periods. Exceptions are found in the 
north-western part of thc Atlantic Ocean at OWSs A, B and C, in the pcriod from the late 
1940s to the early 1970s. The COADS-MSTG winds show a significant incrcasc in thc 
carlier period at thc southern Atlantic Ocean 0\\'Ss (D, E, K) and, in particular, at all 
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Pacific Ocean OWSs, and at three out of four 0\VSs in the later period ( 1976 to 1989) in 
the Atlantic Ocean. 

The OSVs provide for a much more reliable data set than the VOF, especially with 
respect to homogeneity of the measurement technique. Therefore, the significant positive 
wind speed trends in the COADS-MSTG records from the OWS areas have to be judged 
as questionable. This Ieads to the conclusion that COADS-MSTG in particular, and 
presumably VOF records in general, seem tobe an unreliable data source for detection of 
interdecadal wind speed trends. 

There is a number of possible reasons for artefacts in the VOF wind speed records 
which may Iead to the apparent wind speed rise. These include the gradual change from 
estimation technique to measurements on VOF ships. However, artefacts are likely to be 
hiddcn also in the record of Beaufort estimates itself. Observers on VOF ships from 
different nations seem to have followed quite different observation rules leading to 
systematic differences in the "national" Beaufort equivalent scales ( e.g. Isemer 1992, 
Lindau 1995). A change of the national contributions to VOF data sets like the COADS 
would inevitably Iead to artificial wind speed changes providing that only one scale is 
used to transferBeaufort estimates back into wind speed (as is common practice today). 
The merging of different national or international data decks into one data set, where the 
individual decks cover different time periods of the overall record, may consequently 
contaminate the homogeneity of the entire data set. The latter reason may have caused at 
least part ofthe unrealistic positive wind speed trend in the COADS-MSTG especially at 
OWSs in the Pacific Ocean. Until discrepancies, which are as striking as those in the OSV 
and VOF time series of wind speed at OWS P (see Figure 6), can be removed from the 
VOF records, results on wind climate changc from uncorrected VOF wind data should be 
interpreted with utmost care. 

This study does not rule out that parts of the World Ocean may have seen a 
strengthening of snrface wind speed. It is, however, stressed that uncorrected VOF data 
records are an unreliable tool to detect and qnantify thern. The large-scale coherent picture 
of wind speed increase which can be derived from e.g. the COADS-MSTG (Figure 2) is 
not likely to represent the real distribution of wind speed changes over the oceans, both 
qualitatively and quantitatively. 
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Table 1: List of Ocean Weather Stations in the Atlantic and Pacific Oceans, data periods 
with reliable data, nominallocations number of individual OWS wind reports availahle 
from the NCDC files for the reliable periods, and responsible countries. Data periods 
are identified hy the first and last month/year combination 

ows Period Location Reports Countries 

M I/49112/89 66N/2E 107171 N,NL 

A 10/47-12/73 62N/33W 76828 US,F,N,NL,UK 

ß I/49-7173 56.5N/51W 71864 us 
c 1/49-12/73 52.5N/35.3W us 

7/75-12/89 52.5N/35.5W 118270 USSR 

D 10/49-12/72 44N/41W 68398 us 
E 10/49-12/72 35N/48W 67327 us 
I 4/50- I/53 59N/19W 

8/54-11/74 59N/19W 6886 NL,UK 

J 4/50-12/74 52.5N/20W 74914 F,NL,UK 

K 7/49-12/74 45N/16W 70274 F,NL,UK 

L 10/7 5-12/89 57N/20W 35191 F,UK 

R 12/7 6-12/85 47N/17W 24027 F 

p 1/50-6/81 50N/145W 90061 CAN 

N 7/46-ll/50 30N/140W 

I/54-12/72 30N/140W 69225 us 
V 4/55-12171 34N/164E 47964 us 
T* 6/49-10/70 29N/l35E 

6/78-10/81 29N/l35E 38472 JAP 

* OWS T was occupied on1y du ring the summer seasons. Data from June to October of each 
year are uscd. 
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Table 2: Trend statistics of surface and upper airwind speed at OWSs A and C. Periods 
are 19848-1970 at OWS A and 1949-1973 at OWS C. d is the 95% confidence interval 
for b, and P(tb) is the t-probability of significance (in %) for bot 0. Units of b and d are 
m!s per decade. 

OWS!Level b d P(tb) 

OWSA 

Surface -0.14 0.28 68 

900 hPa -0.24 0.41 76 

850 hPa -0.35 0.32 96.4 

800 hPa -0.49 0.34 99.2 

700 hPa -0.42 0.39 96.4 

owsc 

Surface -0.10 0.23 60 

850 hPa +0.05 0.44 19 

800 hPa -0.23 0.48 67 

750 hPa -0.39 0.45 91 

700 hPa -0.36 0.52 84 
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Figure 1: Locations of Ocean Weather Stations in the Atlantic and Pacific Oceans. 
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Figure 2a: Apparent linear trend of scalar wind speeds [cm/s per decade] in the Atlantic 
Ocean, based on the MSTG.2 version of COADS. Only significant trend results (at the 
5% error Ievel) are plotted, Marsden Squares (MS) with non-significant trends contain 
only the sign of the linear trend. MSs with insufficient data coverage for calculating a 
meaningful trend are left blank. Note that the author is thoroughly convinced that this 
result from the COADS dataset is largely inftuenced by non-climatic reasons and does 
not give the distribution of the real wind trend over the oceans. 
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Figure 2b: As in Figure 2a, but for the Pacific Ocean. 
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Figure 3: Lineartrends of surface wind speed [m/s per decade] in the earlier period (late 
1940's to early 1970's) at OWSs M, A, B, C, D, E, I, J, Kin the Atlantic Ocean, and at 
OWSs P, N, V, T in the Pacific Ocean. The upper nurober of the two, given for each 
station, is the OSV result, the lower one the VOF result from COADS-MSTG. One, two 
and three stars indicate Ievel of significance at 5%, 1% and 0.1% error Ievels 
respectively. No star indicates random result. 
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Figure 4: As in Figure 3, but trend results at OWSs in the Atlantic Ocean in the recent 
period (mid 1970's to the late 1980's). 
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Figure 5: As in Figure 3, but linear trends of surface and upper-air wind speeds at OWSs 
in the Atlantic Oceans for the early period (a) and the later period (b). Three numbers 
are given for each station considered, indicating the trend at the surface (bottom) and in 
the two Iowest pressure Ievels with available data. 
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Figure 6: Time series of annual wind speed anomalies [rn!s] at OWS P calculated from 
the OSV record (top) and from the COADS-1\ISTG record (bottom). The linear trend in 
the OSV record is -0.02 m/s per decade, a purely random result, while the COADS-
1\ISTG record indicates a trend of +0.52 m!s per decade, highly significant at the 0.01% 
error Ievel. The latter is considered as non-real. 
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Several investigators have noted and commented on the appearance of multi
decadal secular trends in surface wind speed records from COADS summaries (as weil as 
the data sets from which these summaries are derived) for various eras and areas. Most 
commonly, secular increases have been rcported (Ramage, 1987; Wright, 1988; Cardone et 
al., 1990; Isemer and Hasse, 1991), and are dismissedas artifacts of the observing 
system. In some cases secular decreases have been reported (Cardone et al., 1990; Ward, 
1992). Same investigators also interpret the apparent trends as indicative of real changes 
in air-sea interaction processes (Bunker, 1980; Whysall et al., 1987; Flohn and Kapala, 
1989). 

In applying the COADS for the North Atlantic Ocean from the period 1951-1987 
to investigations for the NOAA Atlantic Climate Change Program, we too noticed a 
prevalence of secular increase over much of the region for this period. The secular increase 
is most evident in the monthly mean scalar wind speeds. Figure I shows the monthly 
time series of wind speed from the COADS summary for an exemplary two-degree square 
in the centrat subtropical Atlantic, and the secular trend line derived of a linear least 
square fit to the time series of monthly mean speeds. We decided to investigate more 
closely the prevalence and reality of this apparent secular increase of winds. 
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Approach 

We chose to revisit, within the confines of the COADS summaries, the question 
of whether the apparent increase of wind speed in the COADS summaries is indicative of 
a true climate variation or an artifact of the observing system, by applying consistency 
tests to other variables contained in the COADS summaries. We selected data from the 
COADS trimmed file covering the North Atlantic region illustrated in Figure 2. These 359 
two-degree by two-degree squares from COADS were chosen for completeness of the 
monthly mean time series during the 37-year period 1951-1987. They also are sufficiently 
distant from coasts to enable computation of sea Ievel pressure gradients across each, in 
anticipation that these gradients will be an important ancillary variable. To provide some 
regional discrimination, we divided thc data into high, middle, and low latitude zones for 
analyses, using cuts at 30°N and 40°N. 

Linear least square fits to the monthly mean wind speed data, as exemplified by 
Figure I, were made for all of the 359 two-degree by two-degree squares. The secular trend 
of wind specd was positive in 97 percent of the two-degree squares of latitude greater 
than 40°N, and 99 percent ofthose ofless than 40°N. For samples the size ofthose from 
our three regions, the non-parametric sign test indicates a median value greater than zero 
at 95 percent or higher confidence Ievel for 58 percent or more positive values. A sccular 
increase evidently is essentially ubiquitous in data from the region shown in Figure 2. Thc 
exemplary illustration of Figure I shows the median value, 2.6 cm s-1 yr I, for the entirc 
reg10n. 

The most important ancillary variable obtainable from the COADS Summaries is 
the sea Ievel pressure gradient, from which an often fictitious but useful variable, the sca 
Ievel geostrophic wind, can be computed. As the geostrophic wind computed from the 
monthly mean sea Ievel pressure from the COADS summaries is intrinsically a vector 
avcrage, it must be compared to the average component winds, or their modulus, from 
COADS. These vector averages can, of coursc, bc quite different from the scalar average 
wind speed. The ratio of the modulus of the vector-averaged wind to the scalar average 
wind speed, sometimes called the directional steadiness, provides a convenient measure of 
their similarity or dissimilarity. This information is coded into Figure 2. The !arge area 
with directional steadiness less than 0.55 indicates considerable dissimilarity betwcen the 
scalar and vcctor-averaged winds, and possibly also their secular trends. The linear least 
squarc fit procedure was applied also to the time scrics of moduli of the vector-averaged 
winds. Thc ranges ofsecular changes found for the vector-average winds were very similar 
to those found for scalar wind speed. In the high and low latitude bands, moreover, there 
is again a prepondcrancc of positive values, 91 and 96 percent, respectively. The median 
values ofthc secular increase ofvector winds are only one-halfand one-third those ofthe 
scalar wind speed but thcy are significantly non-zero. In the mid-latitude band, however, 
the values of secular change of vector averagc wind are almost equally divided between 
positive and negative, for a median ncar zero. In this region the secular increase of wind 
speed does not carry ovcr into the vector mean winds. 

To seek support for the reality ofthe secular increase ofvector-averaged wind, wc 
defined estimators 
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d dW,. dG dW,. d8 
-IV =----+----
dt ' dG dt d() dt ' 

(1) 

and 

d da dG da dW, da d() 
-a=--+----+--
dt dG dt dW, dt d8 dt ' 

(2) 

in which Wv and G denote the monthly vector averaged and geostrophic wind moduli, a, 
the angle between the observed vector averaged and the geostrophic wind, and q, the air
sea difference of virtual potential temperatures. Functional forms for dW, I dG" etc., 

were derived from a combination of the models of Rossby and Montgomery ( 1935) and 
Luthardt and Hasse ( 1981 ), and evaluated using regional mean values from the COADS 
summaries. Equations l and 2 were then evaluated for each two degree square using values 
of dG I dt,J() I dt, etc. obtained by the samelinear leastsquarefit procedure as was used 
for Figure I, etc. 

Results 

The procedure outlined above provides a set of estimations of wind changes 
consistent with changes in related variables that were compared to the COADS 
summaries of observations. The results were generally negative. Median values of the 
secular trend ofvector-averaged winds estimated using (I) were different (less than) from 
their observed counterparts in the COADS at a 95 percent confidence Ievel in both the 
high and low latitude bands. In fact, neither was different from zero with 95 percent 
confidence. The estimation of the secular change of geostrophic departure angle, with the 
apparent secular increase of vector average wind included among the estimators, was 
found to be significantly different from that observed in the northern band, but not 
significantly different in the southern band. In both cases, however, the secular trend of 
the geostrophic departure angles for the wind observations are not significantly different 
from zero. 

Thus, we failed to find support among the other variables in the COADS 
summaries for the reality of the secular increase of the vector averaged winds and, by 
implication, the even !arger increases of the scalar wind speeds during the past four 
decades. A primary conclusion is that considerable caution is advised in application of the 
COADS summaries to problems of decadal and Ionger-term climate studies. Furthermore, 
within the confines of the COADS summaries, possibilities for improving the data appear 
to be very limited. During the past decade most progress has been made by investigators 
working with data sets antecedent to COADS. More such efforts could be encouraged by 
making the carefully edited data from which the COADS summaries were made available 
in convenient form. Periodic reissues of the summaries should be made in step with 
progress in improving the quality of the historical data to support research on real climate 
variations. 
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Figure 1: Monthly mean values of surface wind speed in COADS summary for a two
degree square having its southwest corner Iocated at 26 N, 46 W. Speed values are in 

cm s-1 for the years 1951-1987. Dark line denotes result of linear leastsquarefit to data 

with slope 2.6 cm s-1 yr-1. 
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Figure 2: Map of two-degree squares from which COADS data were used in this 
investigation. Gray tones indicate intervals of directional steadiness, Wv/S: dark gray, 
.95-.75; intermediate gray, .75-.55; light gray, .55-.35. 
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Dynamical Constraints for the Analysis of Sea Level Pressure and 
Surface Wind Over the World Ocean 

Introduction 

Y ochanan Kushnir and Alexey Kaplan 

Lamont Dohcrty Earth Observatory of Columbia University 
Palisades, NY l 0964, U.S.A. 

In the study of climate and its variability the interaction between the atmosphere 
and ocean is ofparticular interest due to the time scales it entails. Fortunately, one ofthe 
most comprehensive sources of data for climate research is that of marine Observations 
collected over more than a century by ocean-going vessels, mostly through a voluntary 
effort of mariners under the guidance of different national weather services. The archive of 
these reports, which is known as COADS (Woodruff et al., 1987), has been extremely 
useful to climate rescarch. Of the variables observed routinely over the oceans, sea Ievel 
pressure and surface wind are important for determining the forcing of the ocean by the 
atmosphere and for monitaring ocean-atmosphere interaction. Evidence to their 
importance in the study of climate variability can be found in numerous diagnostic studies 
early and more recent (e.g., Namias, 1965; Namias and Cayan, 1981; Wallace and Jiang, 
1987; Cayan, 1992a, b; Deser, 1993; Kushnir, 1994 ). Many modeling studies have used 
these variables to determine the necessary forcing fields and evaluate the model 
performance. 

The present study is part of our effort to construct a dynamically constrained 
statistical analysis of the monthly averaged sea Ievel pressure (SLP) and surface wind 
fields ofCOADS. Such an analysis enablcs the minimization ofthe errors involved in the 
monthly averaged ship reports. lt also provides a controlled way to interpolate and 
extrapolate data in regions of missing information. This paper outlines the methodology 
of thc analysis and the construction of a simplified momentum balance for thc oceanic 
boundary layer to be applied in the course of analysis. 

Methodology 

The goal of our analysis project has been to construct a monthly time history of 
the SLP and surface wind ficlds over the world occan from thc turn of thc ccntury to the 
present. Our analysis does not compcte with thc operational products coming from 
numcrical weather prediction centers with their state-of-the-art assimilation techniqucs, 
but rather enables the handling of the carly part of the data record before the advent of 
comprehensive upper Ievel and satellite data. Thus we have planned to achieve our goal 
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by using the zo monthly summaries in COADS and linear statistical techniques. The 
proposed analysis procedure will enable filling up some gaps in the record and more 
importantly minimize the errors in the representation of monthly averages in COADS 
(for a comprehensive discussion ofthe sources of such errors, see Trenberth et al., 1992 ). 

The statistical analysis procedure we wish to apply to the zo monthly summaries 
in COADS is based on the variational approach first outlined by Sasaki ( 1970). The 
analysis involves the minimization of a "cost function" S that is a function of the 
analyzed field a(x,t) (x being the location in space and t is time). Thus the analysis is a 
solution to the condition: 

oS(a)=O 
oa 

(I) 

In Sasaki's original work the cost function included the constraint that whilc the 
analysis stays close to observations (hereafter denoted as o ), its variables also obcy a 
dynamic rclationship. The degree of constraining the analyzed variables can bc varied 
from the rcquirement that they obey the dynamic relationship exactly (so-callcd a 
"strongly constraincd" analysis), or just in a general sense (a "weakly constrained" 
analysis). Schematically the cost function for a weakly constrained analysis can be 
written as: 

S = ~{(o- TaYE~ 1 (o- Ta)+ (MaY E;;,'(Ma) +SC} (2) 
2 

where ' denotes a Iranspose operation, T is a Iransformation matrix that interpolatcs the 
analyzed field to the observation point, and M is a matrix representing the dynamic 
constraints, i.e., a model written as: 

Ma=O (3) 

(Note that we have assumed that both the Iransformation T and the dynamic modcl are 
linear.) The matrices E 0 , Ern are the error covariance matrices associated with the 
observations and dynamic model, respectively. In the strong constraint problern thc crror 
covariance matrix Ern is replaced by a Lagrangian multiplierthat is determined in the 
minimization process. The quantity SC symbolizes a statistical constraint applied to the 
analysis (such as a requirement that the !arge scale structure of the variability is close to 
its Iong-term statistical properties). This constraint helps fill gaps in the record provided 
we have information on the behavior of the data covariance matrix there. 

An initial attempt to assess the feasibility of such approach was presented by us 
in the previous COADS Workshop (Kushnir et al., I 992). That pilot study focused on a 
tropical Pacific data set that was spatially complete and temporally continuous. In that 
study we used the linear momentum balance of Zebiak (I 990) to constrain the data. This 
constraints entail a linear balance between the pressure gradient force, the coriolis force, 
and friction. Symbolically this balance can be written as: 
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fkxV, = -p-'Vp + F (4) 

where friction F is parameterized as proportional to the wind vector ("Rayleigh" friction): 

F =-cV, (5) 

Here V s is the surface wind vector, p is sea Ievel pressure, E is the Rayleigh friction 

coefficient, j is the coriolis factor, and p is the surface air density. When performing the 
analysis wind and pressure deviations from climatology were considercd, and p was takcn 
from climatology. Extending the pilot study outside of the tropical Pacific requires the 
reassessment of the simple, linear momentum balance (I). This discussion is concerncd 
mainly with this issue. 

To detennine thc feasibility of a linear momentum balance in constraining the wind 
and SLP fields two data sets were utilized: 

• A monthly averaged, global 1000mb ECMWF analysis (uninitializcd) from 1980 to 
1989. This data set includes thc geopotential height, air temperature and winds (vector 
averagcd and scalar averaged) on a 2.5° grid resolution. 

• A 43-year integration of the NOAA/GFDL generat circulation model with SST 
specificd from observations 1946-1988. This data set included the 990 mb gcopotential 
height, winds and temperature. In addition and as will be explained later, we included the 
940mb Ievel wind (sccond modcllevel from thc surfacc). This data sct has a resolution of 
7.5° in longitudc and -4.25° in latitude. 

In using these data the pressure gradient term in ( 4) was replaccd by the 
geopotential gradient. Aside from that we havc also made a comparable cstimate with the 
more noisy and gappy COADS SLP and winds to assure that the results obtained for the 
above two data sets arc in generat agreement with COADS. 

Determining the Parameters of Linear Dynamicai Constraints 

The issue of the agreement of obscrved pressure and wind data with the linear 
momentum balance has been addressed in scveral previous studies (Zcbiak, 1990; Allen 
and Davey, 1993; Deser, 1993). In these studies attempts were made to asses the error in 
the balance when applied to tropical Pacific winds and/or to determine the frec parameter 
in the balance, i.e., the Rayleigh friction coefficient E. Results from these studies were 
quite satisfactory in statistical terms, i.e., in the statistical sense the monthly mean 
circulation in the tropics agrecs with the balance. In the present study we extended the 
approach to the entire world ocean ( excluding high latitude areas that are generally covered 
by sea ice) in an effort to determine the optimal value for E. 

The problern of finding the Rayleigh friction coefficient is of regressing the net 
geostrophic balance on the wind vector. Deser (1993) showed that if the regression is 
performed in the zonal and meridional directions separately, using the climato/ogica/ 
values for surface winds and SLP, thc coefficient of the zonal momentum balance differs 
significantly from that of the meridional momentum balance. Deser further argued that 
this difference is the result of the vertical structure of the wind vector in the planetary 
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boundary layer (PBL) and the fact that the simple linear balance {(4), (5)} fails to 
represent the friction vector correctly as the vertical derivative ofthe wind stress. 

Applying the same approach to the anomalaus winds and 1000 mb height values 
from the ECMWF analysis we find that the difference in the Rayleigh parameters of the 
zonal and meridional balances holds for alllatitude belts (Fig. Ia). Moreover the friction 
parameter displays a distinct latitudinal structure. This behavior is emulated also by the 
GFDL model (Fig. lb, where the model monthly mean frictional force is taken from its 
history files and regressed against the model 990 mb vector wind). Note that the GCM 
parametrizes the friction as the vertical derivative of wind stress, the latter assumed to be 
proportional to the vertical wind shear i.e., 

F=~(KoV) 
oz oz 

(6) 

where K is a stability dependent eddy viscosity coefficient (see Gordon and Stern, 1982 ). 

The availability of GCM data allows us to examine more carefully the directional 
dependence of t: ., or more precisely, the effect of a more careful parameterization of 
friction in terms ofwind. Using low Ievel (-990mb) modelwind Vs and the wind at the 
next Ievel above the ground (-940mb) Vu we can write the following approximation to 
the friction vector F in (4): 

(7) 

This formulation assumes that the stress at the surface is proportional to the low 
l~vel wind and the stress at the top of the lowest model layer is proportional to the 
difference between the wind vectors at the two Ievels. Using this formulation and 
regressing the monthly mean model friction separately on the x and y components of the 
monthly average total wind vector we obtain similar values for the values of t:1 and t:2 • 

(Fig. 2). These results confirm the explanationaffered by Deser (1993). Their application 
to the problern of analyzing surface winds and SLP from COADS is however not straight 
forward since we do not have observations of the wind above the surface layer. 

The latitudinal dependence of E could be attributed to at least two factors: 
• Changes in the vertical structure of the PBL with latitude (e.g., PBL depth that is 

implicit in the coefficients bothin (5) and (7)). 
• The non linearity in the surface stress usually expressed in terms of a drag coefficient 

parameterization: 

(8) 

where w, is the surface wind speed. 

lt is possible to address the latter factor in the context of our linear approach, by 
substituting the instantaueaus value of w, by its climatological value w,. This approach 

was tested by regressing the geostrophic balance calculated from the ECMWF data 
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against the value of w,V as a function of latitude (Fig. 3). Results show that the new 
regression coefficient stays much more constant with latitude than the one in the old 
formulation (Fig. Ia). The value of the new coefficient is still dependent on the direction, 
with the meridional balance coefficient about twice as !arge as the zonal balance 
coefficient. These new coefficient can also be used to parameterize the frictional force F 
by writing: 

F = -aw,V, (9) 

remembering that different a's are used m the zonal and meridional directions, 
respectively. 

Estimating the Errors in the Linear Constraints 

Examination of the error in the linear balance can be done by substituting the 
ECMWF "observations" of wind and I 000 mb heights into the linear momentum balance, 
and calculating the residual. We have to remember however that the monthly means were 
calculated from uninitialized analyses and thus may still exhibit some data related errors. 
Figure 4 represents the rms error ofthe linear balance (4) with friction parameterized as in 
(5) using latitudinally and directionally dependent values for E. The balance error increases 
with latitudc and is largest north of -50°N. A more revealing way ofjudging the quality of 
the balance is to examine the ratio between the rms residual of the frictional balancc and 
that of the geostrophic balance. This is shown in Fig. 5 for two cases, onc with a Rayleigh 
friction parameterization and the other with the so-called "drag coefficient" 
parameterization (9). In the latter case we used a globally fixed a with values of 1.9x 10-6 
for the zonal balance and 3 .I x I o-6 for the meridional balance. Both methods for 
parameterizing friction offer an improved representation of the momentum balance in the 
extratropics. In the tropics the results are strongly sensitive to data errors (a I ms-1 error 
in wind speed could result from a small, -0.4 m error in geopotential height). This can be 
verified by comparing with a similar figure calculated from a fit to the GFDL model data 
(Fig. 6). Here the tropics do not stand out as very different fonn the rest ofthe globe. 

Summary and Additional Considerations 

The feasibility of using a linear momentum balance to constrain sea Ievel pressure 
and wind in a variational analysis procedure was assessed by fitting the balance equations 
to data. Adding linear drag to the geostrophic balance improves the constraints for SLP 
and winds by reducing the error. This is shown clearly with model data and only partly 
successfully with assimilated data. To better assess the applicability of these constraints 
one would have to compare the ECMWF data with the results of a full variational 
analysis according to (I). We are planning to take this approach in the near future. 

The error fields calculated based on the data (Fig. 5) reveal a zonal asymmetry that 
could be attributed to other terms neglected in the linear model. In particular, effects of 
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stability in the PBL, as weil as the effect of transient motions, were not included. 
Jncluding these effects in a linear model is another Ievel of complication that should be 
addressed in future research. 
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Figure 1: The regression coefficient between the geostrophic balance residual for 
anomalous 1000 mb height and wind values, and the anomalous wind vector over the 
world ocean, based on: a) ECMWF analysis using the months December, January, and 
February from 1980 to 1989. b) GFDL GCM using the same month but for a 33-year 
interval. Regression is performed separately for the zonal balance (solid curve) and the 

meridional balance(dashed curve). Units are in 10·5 sec·1• 
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Figure 2: The result of 3 regression c3lcul3tion me3nt to determine the x- 3nd y-direction 

coefficients e 1 3nd e 2 (see equ3tion (7) in text) using GFDL GCM d3ta. Solid 3nd d3shed 

lines 3re for e 1 in the x- 3nd y-direction respectively. D3sh-dotted line 3nd dotted line 

3re E 2in the x- 3nd y-direction respectively. Units 3re in 10·5 sec"1• 
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Figure 3: Results of 3 regression 3n3lysis to determine the coefficient a in equ3tion (9) 

using ECMWF wind 3nd 1000 mb height 3nom3lies 3S weil 3S the corresponding 
dim3tologic3l wind speed for December-Febru3ry. Solid line is for the x-direction 

coefficient and d3shed line for the y-direction coefficient. Units are in 10·6 sec·1• 
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Figure 4: Absolute rms error in the linear frictional balance for anomalous ECMWF 
wind and 1000 mb height values, and directionally and Jatitudinally-dependent Rayleigh 

coefficients. Units are in 10·5 sec-2• 
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Figure 5: Ratio between error in the linear frictional balance and the geostrophic 
balance for anomalous ECMWF wind and 1000mb height values using a ) directionally 
and latitudinally dependent Rayleight coefficients. b) globally constant but directionally 
dependent "drag" coefficients. Region where values are larger than 0.8 are shaded 
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Figure 6: As in Sa but for the GFDL GCM data at the 990mb Ievel. 
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Near-Surface Wind, SLP and SST: Some Inter-relationships and a Set 
of Corrections for Wind Trends 1949-1988 

Introduction 

M. Neil Ward 
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Cardone et al. (1990) (hereafter, CGC, 1990) and others suggest that the wind 
speed reported by ships has increased in recent decades due to changes in observational 
practices. The main cause that they identify is an increasing fraction of anemometer 
readings, typically now made at a mean height of 20m, relative to Beaufort force 
estimates, which are converted to I Om winds (using a biased conversion scale) beforc 
insertion into computerized datasets like COADS. 

This paper aims to contribute to the debate on the reliability of the wind data, and 
on how to maximize its utility for climate studies. The first section below describes thc 
data and basic processing methods, followcd by a discussion of some theoretical 
relationships that are expccted to exist between ncar-surface wind and sca-level pressure 
{SLP), and a description of the balanced friction flow (BFF) method for deriving near
surface seasonal mean wind from seasonal mean SLP pattems. To gain confidence in thc 
observcd wind and SLP data, it is useful to verify the presence of re!ationships in the data 
that are expected from theory. The process is two-way, since the data are also verifying 
the thcory. The next two sections consider a dataset of calculated BFF winds for 1949-88, 
and present a comparison with the reported observed winds; the trends in the observed 
wind time-series are adjusted to equal the trends in the BFP timc-series, thereby 
calculating a corrected wind dataset. A wind correction method based on this approach 
assumes that there is no substantial time varying bias in the estimated pressure gradicnts, 
and that the distancc betwecn dcrived wind trend and observed wind trend can be used to 
iso!ate time varying bias in wind observation. The derived wind is a function of pressure 
differcnce, so willlargcly be independent of any time-varying bias that may exist in ship 
prcssure data, though other prob!ems such as changes in bias towards reports during fair 
weathcr may influence the derived wind trcnds in some regions. The corrections reported 
here follow on from those reported in Ward ( 1992). Finally, two applications of the 
corrccted wind data arc reportcd. Firstly, we i!lustrate the impact of the corrections on 
estimatcd wind pattems associatcd with multi-decadal rainfall fluctuations in sub-Saharan 
Africa. Sccondly, vcry close agreement is found in the year-to-year variability of near
surface divergence pattcrns (calcu!atcd from the correctcd wind) and sea-surface 
temperature (SST) pattems in the tropical weslern Pacific. The close agrccment illustrates 
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the excellent value of the ship data for climate studies once it has been processed 
carefully. 

Data and Basic Processing 

Near-surface marine atmosphere 
The Comprehensive Ocean-Atmosphere Data Set (COADS) 2°lat x 2°long (2x2) 

trimmed monthly means for the years 1949-88 were used for the analyses (Woodruff et 
al., 1987). Seasonal mean anomaly datasets were constructed on the l0°lat x I 0°long 
grid-scale for the variables SLP, zonal wind component (u) and meridional wind 
component (v). Details of the data processing are in Ward (1992, 1994). The basic 
procedure was: 
- Construct smoothed 2x2 climatologies. 
- Construct 2x2 seasonal mean anomaly datasets. 
- Construct 1 Ox I 0 anomalies by avcraging all constituent 2x2 anomalies, weighting for 
the number of Observations that contributed to each 2x2 anomaly. At least 20 
observations were required to fonn a 10xl0 anomaly. 

Sea-surface temperature 
SST data were taken from the Meteorological Office Historical Sea-surface 

Tempcraturc dataset version 4 (MOIISST4) (Bottomley et al., 1990). The data were 
fonncd into I 0°lat x 10°long seasonal anomalies ( details in Ward, 1992, 1994). 

Deriving Wind from Sea-Leve1 Pressure 

Thc scasonal mean horizontal momentum equation can be simplificd by assuming 
a three-way balance of forces bctwecn seasonal mcan SLP (P), scasonal mean friction 
and seasonal mean coriolis force (/). To a first approximation, it has often been assumed 
that friction direction opposes the motion, and that the force is directly proportional to 
wind speed through a constant (k) called thc cocfficient of surface resistance. Then the 
horizontal momentum equation can be solved for u and v: 

kP, + fP,. kP,- fPx 
u== 2 2·, 

k + f 
v= . 

k' + !' 
(1) 

whcre: 

P =-..!_oP P =-.!_oP 
x pox' y poy 

Such a derivcd wind is often described as "balanced friction flow" (BFF). In deriving Eq. 
(1), all terms are time and area averages, and all cddy terms arc ignored (validity 
discusscd in Ward, 1994). To apply Eq. (!), assumptions have tobe made about the value 

of k. Typical values of k have been estimated in the range 1-3 x JO·Ss-1 ( e.g. Gordon and 
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Taylor, 1975). Note that as well as varying geographically due to varying mean boundary 
layer charactcristics, k will also depcnd on location within the boundary layer. For 
cxample, Brummer ct al. (1974) reports an experiment in the North Atlantic Irades at 
)0°N in which they found that the friction force declined by a factor oftwo between 15m 

and 500m, such that thc implied va[ue of k falls from about 2.3 X l0-5s-l to 1.2 X l0-5s-1. 
1t follows from Eq. ( l) that k andf prescribc the backing angle (ßF) and ratio ( R1) 

of the BFF vcctor to thc geostrophic vector: 

k 
tanßF = f (2a) 

(2b) 

For the studies in this paper, values of k arc derived by assuming a backing angle ßF of 
10° for the regions polewards of 50°, and 50° for the average of regions equatorwards of 
10°. Backing angles are linearly interpolatcd over the latitude range I 0-50°, assuming 50° 
at 10° latitude and l 0° at 50° latitude. Thc values of k that these backing angles imply are 
broadly consistent with the results ofprevious studies (e.g. Gordon and Taylor, 1975). 

Comparison ofObserved and Derived Winds 1949-88 

The BFF equations (Eq. I) have been applied to every seasonal mean SLP 
anomaly field 1949-88. (Note that the BFF equations can be solved using anomalies, 
whereas the inclusion of the advectivc accelerations would rcquire the use of the total 
wind since advection of anomalies is bcing effected by actual winds, not just the 
anomalies). Where possible, missing SLP anomalies were spatially interpolated using a 
simple linear system (Ward, 1994). 

Figure l illustrates time-scries of dcrived BFF and observed wind anomalies for a 
lO x I 0 box in the tropical North Atlantic (Fig. Ia) and a box in the tropical South Atlantic 
(Fig. lb ). The impression is gained !hat interannual variability of the observed and derived 
winds agree very weiL Figures 2a-d show the correlation of derived and observed wind 
anomalies over 1949-88 for the seasons Dec-Feb (DJF) and Jul-Sep (JAS). There are 
many regions where the correlation is >0.7, giving good confidence in the reliability of 
the data and the BFF theory. The poor performance in some equatorial regions is 
probably because so close to the equator the equations can be less applicable, and SLP 
needs to be rcsol ved on a Iiner spatial scale. The improvement over the geostrophic 
approximation (see Fig. 2e) is, not surprisingly, most apparent in the tropics, where the 
improvement in the simulation of the v wind component is significantly greater than that 
of the u wind component. 

In Fig. I, it is also clear that despite good interannual agreement, there is a 
systematic difference in the trends of the BFF and observed wind. In both instances, the 
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observed wind shows a trend towards strengthening casterlies, whereas in the BFF wind, 
the trends are much reduced or absent. 

To give a clear picture of global changes in rcported and derived wind circulation 
strength, global mean zonal wind anomaly time-series of the obscrved, provisionally 
corrected (from Ward, !992) and new BFF wind havc becn calculated as follows (series 
were calculated for each of the four seasons separately): 

(i) Reject all those I 0 x I 0 box es with 

1~1 < 1.282 (3) 

where u is the particular season's !0 x 10 climatological zonal wind (calculatcd using the 
period 1969-88) and CJ, is the Standard deviation of the zonal seasonal valucs over 1969-

88. Following nonnal distribution theory, this criterion ensures that series inc!udcd in the 
analysis have less than I 0% of seasonal values with a wind vector of sign opposite to thc 
mean vector. Those series with a negative mcan zonal wind were multiplied by -I so that 
the series effectively represent anomalics in the magnitude of the zonal wind. While it is 
tempting to simply analyze trends in the modulus of the zonal wind, this should not be 
done, because such a quantity is also a function of data reliability, which of course shows 
a trend through time. 

(ii) Standardizc cach !0 x I 0 series ovcr the period 1949-1988. 
(iii) Average the standardized anomalies over al! ocean regions. 

The mean standardized anomaly timc-series for each of the four seasons are 
plotted tagether in Fig. 3. The rcported wind timc-series shows a mean incrcase of about 
one standard deviation. The provisionally corrected and new dcrived wind time-series 
show no significant trend. 

Revised Corrections for Ship Reports ofNear-Surface Wind 1949-88 

In this section, the correction mcthodology outlined in Ward ( 1992) is applied, but 
using the new BFF derived winds in placc ofthe geostrophic wind used in Ward (1992). 
Also, the analysis here is on the 10 x I 0 scalc, compared to 2 x 2 in Ward (1992), so data 
coverage is much better, affording a more complete coverage for the corrections. 

The analysis includes only u and v seasonal wind time-series which have a long-tem1 u or 
v mean that is substantially different from zero (based on Eq. 3; dctails in Ward, 1994). 
So trends in thcse series can bc used to approximatc trcnds in the strcngth of the 

circulation. The difference in trend ovcr 1949-88 (tcnncd a" units are ms-lyr-1) bctwcen 
the BFF wind and observed wind is estimatcd (for u and v scparatcly). Then the linear 
component of the implied spurious percentage increase S in thc observed wind vector 
ovcr 40 years is 
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(4) 

where v. is the climatological wind in either zonal or meridional direction, depending on 

whether the u or v wind is being analyzed. Fora given box, up to 8 estimates of S were 
available (u and v in the 4 seasons). The estimates were averaged, weighting each S as in 
Ward (1992) by its estimated "reliability", calculated as the 1949-88 derived versus 
observed wind correlation (r, examples in Fig. 2a-d) multiplied by the number of years 
with data (N). To smooth the field of l 0 x lO values, a zonally directed weighting scheme 
of 2:4:2, with one unit of weight each to the boxes to the north and south, was 
superimposed on the "reliability" weight calculated for each box (N* r). If a box did not 
have a value of S, it was given the area average (before application of the smoothing), 
using the areas defined in Ward (1992). For equatorial boxes (l0°N-l0°S), one further 
smoothing was applied by averaging the target box, the box to the north and the box to 
the south, weighting according to the sum of the weights that had contributed to each of 
the boxes in the first smoothing pass. The final result is shown in Fig. 4. 

The weighted average of all values of S before smoothing is 14.3%, which is very 
similar to the overall average of 16.1% calculated in Ward (1992). Ive ( 1987) shows 
maps of the percentage of wind reports that contained the code for an anemometer 
reading in the British Met. Office Marine Data Bank in differing periods, the last of 
which is 1975-1979. Her maps generally support the geographical variations of S in Fig. 
4. Regions that still have low ratios of measured to estimated winds (such as North 
At1antic) are expected to have the smallest corrections. However, the negative corrcctions 
in thc far North Atlantic (also found in Ward, 1992) remain unexplained. 

Corrected wind datasets have been calculated using the method in Ward (1992). 
Foreach 10 x 10 vector wind time series, the corrected data are calculated: 

u =u, -[u, *((S-lOO)*(t-tb)/40] 

(5) 

V = V' - [V' * ( ( s - 100) * ( t - tb) I 40 l 

where Üt and v1, are the corrected u and v seasonal wind vectors for time t, lit and "Yt , 
are the observed COADS seasonal wind vcctors fort, and S is the 1949-88 mcan spurious 
percentage change in wind speed for the 10 x 10 box. Note that the mid-point of the 
season is used fort (e.g. Ju1y-September 1949, 1=1949.71). t" is an arbitrarily se1ected 
time which acts as the basetime for the corrections. For example, if 1"=1949.0, then 

when 1=1949.0, ü=u and v=v; 40 years 1ater when 1=1989.0, the wind vectors are 
reduced in magnitude by S"lo, (or increased by S"lo if S is negative). To correct the data for 
use in the studies reported here, t", was always set to the mid-point of the 1969-1988 
normals period. 
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Applications of the Corrected Wind Data 

Circulation associated with extended Sahel drought 
It is known that JAS rainfall in the Sahel region of sub-Saharan Africa was 

dramatically less in the period 1969-88 than in the period 1949-68. Figure 5 shows the 
composite difference 1969-88 minus 1949-68 for (a) the raw observed near-surface wind 
data and (b) the corrected data. Compared to the raw data, the corrected data suggest 
some quite different aspects to the tropical circulation changes: 

(i) In the tropical Atlantic, the raw data emphasize enhancement of eastcrly tradcs 
near l5°N during the drought period, whereas the corrected data suggest modest 
enhancement, linking with circulation changes in the equatorial and South Atlantic that 
correspond to a weakening of cross equatorial flow. The corrected wind pattern suggests 
a much stronger modulation of the local Hadley circulation, and the corrected wind 
pattern is likely to have significant consequences for ocean circulation and cross
equatorial heat fluxes in the western equatorial Atlantic. 

(ii) In the northern Indian Ocean, the raw data suggest a strengthening of thc 
monsoon circulation in the Sahel drought period, whereas the corrected data indicate little 
change or a slight weakening in the monsoon circulation, which is more consistcnt with 
thc slight reduction in Indian monsoon rainfall 1969-88. 

(iii) In the tropical Pacific, the raw data suggest strengthened circulation in many 
rcgions, whereas the corrected data suggest little change in circulation strength, but somc 
changes in the meridional wind. 

The corrections make little difference to the circulation change in the extra 
tropical North Atlantic, which is dominatcd by an anomalaus anticyclonic circulation 
ccntered near the UK during the Sahel drought period. 

The relationship between near-surface divergcnce and SST in the weslern Pacific. 
In the tropics, direct forcing of the near-surface atmosphere by SST willlead to a 

close association between anomalies of near-surface convergence and SST maxima in the 
absencc of other forcing (Lindzen and Nigam, 1987). 

This section studies the relationship between SST and near-surface divergence in 
the tropical westem Pacific. A I 0 x I 0 dataset of near-surface divergence was calculated 
using finite differences of the I 0 x I 0 seasonal mean vector wind anomalies. Where 
possiblc, missing SLP anomalies were spatially interpolated using a simple linear system 
(Ward, 1994). To further reduce noise, the divergcnce anomalies were zonally smoothed, 
weighting I :2: I. 

The first JAS SST EOF for 1949-88 (Fig. 6a) in the tropical western Pacific is an 
east-west dipole pattern. In the west, the largest weights are at 0-1 0°S. (The pattern for 
1904-90 is very similar (Fig. 6b), supporting the stability ofthe result). The first JAS 
divergence EOF (Fig. 6c) has a more complicated pattern. Over the equatorial latitudcs 
l0°N-I0°S it is also an east-west dipole. Again, largest weights in the west are at 0-10°S. 
In the west, the pattem is also a north-south dipole, with !arge positive weights centered 
at 0-10°S and !arge negative weights at 10- 20°N. (Also, in the east, the weights at I0-
200N and at I0-20°S have a sign that is opposite to the weights at 10°S-l0°N.) 
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The correlation between the time-coefficicnts of SST EOF I and divergence EOFI 
is extremely high (Fig. 6d). So we suggcst that, in the region of the EOF analysis, thc 
equatorial atmosphere is responding directly to the SST as predicted by Lindzen and 
Nigam (1987), especially at 0°-10°S in the weslern Pacific. At 10-20°N, thc atmosphere 
does not appear to be rcsponding so directly to the local SST. One hypothesis is that 
equatorial regions of enhanced near-surface convergence Iead to a zone of diabatic 
heating anomaly (enhanced penetrative convection leading to enhanced latent heating), 
which Ieads to descent and near-surface divergence anomalies about I oo latitude 
polewards, which is consistent with the meridional overtuming found by Gill (1980) in 
rcsponse to a line ofheating in the tropical atmosphere. 

That an SST and near-surface divergence time-series can be derived with such 
near-perfect agreement (Fig. 6d) is extremely encouraging for thc utility of ship data in 
climate studies. As illustrated hcre, the data can be used to test and explorc theories on 
the relationship between SST and atmospheric circulation. 

Discussion and Conclusions 
Based on camparisans with the derived BFF wind, this paper estimates that the 

globally averaged spurious percentage rise in reported wind speed over 1949-88 is 
14.3%. This is very similar to the estimate of 16.1% made in Ward (1992). Applying thc 
theory of CGC ( 1990), such cstimates suggest an increase from 0% of anemometer 
readings in 1949 to 60% of anemometer readings in 1988. However, there is considerable 
uncertainty as to the fraction of ship wind reports !hat are based on anemometers araund 
the world (Kent and Taylor, 1991; lve, 1987). 

The results of lve ( 1987) suggest more anemomcter readings than WMO ( 1990), 
but considerably less than the 60% needed for the theory of CGC (1990) to explain thc 
mean value of S calculated above. Thus there may be further causc of thc spurious risc in 
wind speeds. For example, it is possible that there has becn a gradual change in the way 
observers translate sea states into Beaufort numbcrs. This possibility is suggestcd by the 
results of Lindau et al. ( 1990) who perforrned a SLP-wind comparison for the 10 x I 0 box 
centered !5°S, 35°W in the tropical South Atlantic. They analyzed only those reports that 
were stated tobe estimated, but still found a spurious rise in the reported wind speed. One 
possibility is that as anemomcters have become widely available, so reporters havc 
tended to tune their estimated winds to that which anemometers typically give. lndeed, it 
is likely that some reports coded as estimated have in fact bcen influenced by thc 
presence of an anemometer on board. 

The corrections reported in this paper vary sufficiently smoothly and are 
sufficiently complete to enable the regional correction approach in Ward (1992) to bc 
replaced by a field of smooth corrections (Fig 4). So the new corrccted wind data do not 
have sharp discontinuities across regional boundaries and are therefore potentially weil 
suited to estimations of horizontal divergence, or to forcing ocean numerical models. The 
new corrections are also much more rcliable in the tropics because the BFF method used 
to derive the wind is one !hat is weil suited to the tropical boundary layer on the seasonal 
time-scale. Indeed, recent analyscs (e.g. Ncelin, 1989, Philander, 1990) have pointed out 
the similarity of the BFF equations with equations uscd elsewhere to understand the 
tropical atmosphere. The BFF system is similar to the cquations used by Gill (1980) to 
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boundary layer to heating from the SST. Finally, the BFF system is also similar to the 
atmospheric part of many simple coupled tropical ocean-atmosphere models. 

Some analysis of the terms excluded in the BFF equations is given in Ward 
(1994). For example, on the 10 x 10 spatial scale, acceleration was found tobe important 
only in a small number of boxes, notably the cross equatorial Indian monsoon flow in 
boreal summer. The potential importance of the transient eddy friction term, the spatial 
eddy friction term and the spatial eddy coriolis term were all illustrated. Nonetheless, 
maps have been presented in this paper (Fig. 2) showing generally good correlation 
(resulting from the non-Irend time scale) between winds derived using BFF and the 
uncorrected observed wind, suggesting good reliability in both data and theory. Once the 
spurious wind trend is removed, it is suggested that the ship reported SLP and the 
corrected wind data form an extremely valuable climate research tool. Two examples of 
applications to climate studies have been given. Firstly, compared to the raw data, the 
corrected data give a substantially different picture of tropic-wide circulation changes 
associated with sub-Saharan drought over recent decades. Secondly, the corrected data 
were used to create a near-surface divergence dataset. Divergence is a notoriously 
difficult quantity to estimate, but the near-perfect agreement between the time-series of 
the first SST EOF and first near-surface divergence EOF in the tropical wcstem Pacific 
over 1949-88 suggests that the data processing employed here has enabled the calculation 
of a useful divergence dataset. 
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Figure 1: Raw observed (solid) and derived Balanced Friction Flow (dashed) seasonal 
zonal wind anomaly time-series. The smooth lines are fitted using a filter with 50% 
amplitude cut-off at about 6 years. The centre of the 10 x 10 box is indicated alongside 
the panel. Anomalies for each season are plotted . 
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Figure 2a: Correlation (xlOO) over 1949-88 between time-series of observed wind and 
time-series of derived balanced friction ßow (BFF) wind. Values >0.7 are shaded with 
dots, values <0.3 are cross-hatched. (a) u-wind in DJF. (b) v-wind in DJF. (c) u-wind in 
JAS. (d) v-wind in JAS. 
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Figure 2b: Mean correlation as a function of latitude for BFF wind versus observed 
wind (solid) and geostrophic wind versus observed wind (dashed). Bottom panels show 
the number of correlations that were available for averaging at each latitude 
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Figure 3: Mean standardised anomaly of zonal wind in each season 1949-88, for (i) 
reported wind, (ii) provisional corrected wind (version 1, based on Ward, 1992) and (iii) 
balanced friction flow wind. The value plotted for each season is the average of the 
standardized anomalies in all available 10 x 10 ocean boxes. The series shown effectively 
indicates the magnitude of the zonal wind vector, since all the contributing 10 x 10 series 
with a negative mean were multiplied by -1 prior to analysis, and all time- series with a 
mean close to zero were rejected (see text for more details). 
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Figure 4: The difference between the increase in the magnitude of the observed wind and 
the increase in the magnitude of the balanced friction ßow wind over 1949-1988, 
expressed as a percentage of the magnitude of the mean observed wind (the values are 
referred to as S in the text). Values shown were derived by averaging estimates of S 
based on u-wind and v-wind series for each of the four seasons. The values were then 
spatially smoothed. 
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Figure Sa: Composite difference (1969-88 MINUS 1949-68) for July-September of the 
near-surface raw wind. 
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Figure Sb: Composite difference (1969-88 MINUS 1949-68) for July-September of thc 
Corrected wind. 
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Figure Sc: Composite difference (1969-88 MINUS 1949-68) for July-September of 

Divergence (1 o-8s-1) of corrected wind. 
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Figure 6a: First correlation EOF 1949-88 for 10 tat x 10 long JAS SST anomalies in the 
tropical centrat and western Pacific (28.6% of total variance). 
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Figure 6b: Same as (a) but for 1904-90 (21.6% of total variance). 
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Figure 6c: Same as (a) but for near-surface divergence 1949-88 (35.2% of total 
variance). All series were high-pass filtered prior to analysis (passing timescales <11.25 
years). 
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Figure 6d: Observed JAS time coefficienl~ 1949-88 of tropical central and westcrn 
Pacific SST EOF I in Fig. 6a (solid line with crosses) and near-surface divergence EOF I 
in Fig. 6c (dashed line). 
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Comparison of COADS winds with SNMC climatology and 
measurements in the North Atlantic 

Sergey R. Gulev 

IORAS, Moscow, Russia I IFM, Kiel, Gennany 

Recent climatological studies often indicate problems with the reliability of 
COADS winds connected with a nurober of different and yet poorly understood reasons. 
Du ring the last years there has been considerable debate about the matter of long-tenn 
wind speed trends indicated by COADS (Ramage 1984, Peterson and Hasse 1987, 
Cardone et al. 1990, Lindau et al. 1990, Isemer and Hasse 1991 ), rauging from 0.1 to 0.5 
m/s per decade with local maximums in tropics andin Norwegian Sea (Isemer and Lindau 
1994, Isemer 1993). Reliability of these trends is still a matter of debate due to a nurober 
of reasons. As a result, Isemer (1995, this volume) has made a detailed and thorough 
comparison of COADS winds with measurements at fixed Ocean Weather Stations 
(OWS) and he has concluded that COADS wind trends in the North Atlantic are in 
disagreement with those taken at the OWS. These differences may at least be 
significantly reduced after accurate application of the Beaufort scale and careful 
consideration of individual sampling statistics. Changes with time of the relative roJe of 
anemometer measurements are considered as one ofthe possible reasons ofunrealistically 
lugh COADS wind trends. This work discusses the use of additional independent data 
for the validation of COADS winds. 

COADS has been used in the fonn of Monthly Summary Trimmed Groups 
(MSTG) taken from COADS Release I (Slutz et al. 1985). Monthly means of 
meteorological variables for 2° x 2° boxes for the North Atlantic Ocean were extracted 
from origmal COADS files during the period from 1950 to 1979. We also used COADS 
Release Ia which covers the period from 1980 to 1992. In order to compare COADS 
climatology with another one we used a completely different climatological data set, 
produced on the basis of individual marine reports by another community with the use of 
slightly different techniques of data processing. This second data set has been prepared 
during the last several years by the former Soviel National Mcteorological Center 
(hcreafter SNMC) on the basis of individual marine reports for the period from 1957 to 
1990 (Binnan, et al. 1980 Binnan et al. 1992). The source of original infonnation appears 
to bc close to those used in COADS. For the period from 1957 to 1969 this data sct is 
based on updated archives of mcteorological observations. Since 1970 original reports 
Iransmitted by voluntary observing tlcet via radio are collected at SNMC. Actually the 
first re1ease of this data set has been prepared in 1977 for the period from 1957 to 1971 
with the extension until 1974 in 1980 (Binnan et aL 1980). In 1992 a sccond data rclcase 
became available (Birman et al. 1992). When second rclease has been created all data set 
was updatcd in order to use universal technique of data control and averaging. SNMC data 
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set is organized in the form of monthly means and standard deviation of variables for so 
by so boxes over the North Atlantic from the equator to 7S 0 N. Original reports were 
averaged for every box for the point with so-called "monthly mean coordinates" and then 
monthly means were re-interpolated to the centers of boxes. This data set contains in 
contrast with COADS two Ievels of cloudiness but does not include so-called derivr l 
variables (sea-air temperature and humidity differences and their products with wil: '· 
speed) which are available from COADS MSTG. Comparison of the number of repo' 
used in SNMC data set with those for COADS gives in general from 15 to 2S percc 
smaller values. At the same time, for about 20 percent of 10° x 10° boxes, which ;' 
mostly connected with the location of operational activity of former soviel scientit 
military and fishcry fleets, the number of Observations in SNMC data set is actua! 
higher than in COADS. These boxes are mostly located around Norway and Greenla: 
seas, North-West Atlantic and Tropical-East Atlantic. Data control procedures and r 
details ofdata processing and averaging are described in Birman et al. (1980, 1992). Figu· 
I shows differences between zonal climatological seasonal cycle and annual means c 
scalar wind speed taken from COADS and SNHC data set for the period 19S7-197 
(overlapping of two data sets). For scalar wind speed we found overestimation c · 
COADS wind in relation to SNMC in the North-West Atlantic and high latitudes an.l 
higher SNMC winds in tropics and subtropics. The highest positive differences betwecn 
SNMC and COADS winds are obtained in subtropical region and ranging from 0.3 to 0.6 
m/s. Note that both COADS and SNMC data set used WMO (1970) Beaufort scalc. 
Isemer and Hasse (1985, 1987) using Kaufeld ( 1981) correction of Beaufort scale obtaincd 
2 m/s increases of climatological means in subtropics on the basis of Bunker's data sct. 
Recently Isemer and Lindau (personal communication) found these valucs tobe too high. 
Calculations of wind trends from SNHC data set give trends which arc approximately 
50% lower than those obtained from COADS. Moreover, SNMC data set indicatec; 
·considerable area in mid latitudes with negative or insignificant trends. 

For comparisons with instrumental observations we also used COADS Release b 
as weil as original COADS compressed marine reports (CMR) within some of the I oo x 
10° boxes, located in the North-West Atlantic and data from the field cxperiments, takcn 
for the period 1981-1991 under "SECTIONS" program. These data are taken continuous 
for the period of 10 years, if only within limited area (Lappo et al., 1989; Gulev et al., 
1991, Gulev, 1994). all data were collected by six sister ships by professional 
meteorological teams. These are the same ships, which operated at OWS C from 197S to 
1990 (Isemer, 1993 ). Wind data consist exclusively of anemometer measurements. 
Anemometer Ievel varied within the range from 26.6 meters to 27.6 meters. Temporal 
resolution is usually 3 hours, but for some cruises I hourly sampled data are available. 
Total number of cruises is 89, total number of reports is 46,800. The most interesting 
time series were obtained during NEUFOUEX-88 (Lappo et al., 1989) and ATLANTEX-
90 (Gulev et al., 1991) experiments. Bothofthese experiments, as weil as the carlier 
experiment NEWFOUEX-84, were designed to study air-sea interaction processes in the 
Newfoundland basin during the periods from November 1987 until April 1988 and from 
December 1989 till May 1990 respectively. Ships, balloons, buoys and moorings were 
used to measure the atmospherie and oceanic structures and properties. Although the 
measurement program was designed primarily for the region 40°-48°N, 40°-48°W, 
voluntary meteorological Observations were collected for a !arger area. Figure 2 compares 
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the number of instrumental measurements with the number of reports, indicated in 
COADS Release I a for each calendar month. Most of instrumental data were collected 
during winter and spring, when the number of instrumental observations is from 35 to 55 
% of total COADS reports. lt is difficult to check precisely how many of these data 
were included in COADS Release Ia, but approximate estimate is not higher than 20 to 25 
%. 

In order to compare these data with COADS Release Ia climatology, all wind 
speed reports were averaged for individual months within 2° x 2° boxes, i.e .. we made the 
same processing, as has been used to create COADS. Thus wind speed values were 
obtained for 2° x 2° boxes within the area 36°N - 56°N, 36°W - 56°W. Instrumental 
measurements indicate generally smaller wind speed within the range from 2 to 10 m/s and 
slightly high er values for strong winds. Thus, the angle of regression line is always smaller 
than 45 degrees (Figure 3). In order to adjust instrumental measurements to COADS 
collection two procedures were followed. First, we can adjust all wind measurements to 
another anemometer reference Ievel. This procedure changes the angle of the regression 
line but is not sufficient to adjust the fit to 45 degrees, even for such a small Ievel as 5 
meter which is clearly an underestimate of the mean height of anemometers in COADS 
collection. We also tried to take into account only those 2° x 2° boxes, which contain 
relatively high number ofreports. Note here, that Weare and Strub (1981) found eleven 
observations to be needed for approximately unbiased intra monthly averaging. This 
procedure also increases the angle of the regression line, but again, not very much. 
Results of the use of these two procedures are presented in Figure 4. If we take 
anemometer reference Ievel of about I 0 meters, and minimum monthly number of reports 
of24, we obtain a regression of0.7±0.02. Mean wind speed is from 0.3 to 0.8 m/s higher 
in COADS compared with instrumental measurements, adjusted to I 0 meters anemometer 
Ievel. Probability density functions, calculated from COADS/CMR collection for the 
period 1980-1989 for the same area indicate for most of the months a high er percentage of 
observations with smaller wind speed, and therefore bias of modal value. 

For the consideration of seasonal cycle, we chose four 4° x 4° boxes with 
relatively high number of instrumental observations for every month. These boxes are 
located within the area 40-48°N, 40-48°W. Figure 5 shows an example of this 
comparison for 4-degree box number 3 (40-44°N, 40-44°W). Ifwe consider unadjusted 
measurements, we can point out that COADS wind speed is higher during spring and 
summer, winter values are very close to each other in both data sets, although 
instrumental measurements slightly over predict COADS, and during autumn, 
instrumental measurements give higher values in compare with COADS. After 
adjustment of 10 meters anemometer reference Ievel, instrumental measurements indicate 
significantly smaller winds for August, September and October only. During winter and 
spring COADS wind speed is from 0.7 to 1.3 m/s higher, and differences for November 
and December under predict the accuracy of sampling and intra-box averaging. Harmonie 
analyses of the curves in Figure 5 indicate negative phase lag of about 12 days of COADS 
wind speed compared with research vessels measurements. 

We considered also intra monthly high-arder statistics from COADS Release Ia 
and research vessels collection for 1981-1991. Same recent studies (Zorita et al., 1992, 
von Storch et al., 1993) use such statistics as an important indicator of climate changes. 
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for this consideration only box es with the number of reports higher than 24 per month 
were chosen. COADS standard deviations are higher than those taken from research 
vessels collected during all months, and for most boxes. Typical difference is about 1 m/s, 
and appears to be considerable. We can note here, that our collection of instrumental 
measurements include I hourly and 3-hourly sampled data. Typical temporal resolution 
for voluntary observing ship reports in COADS is 6 hours. Thus instrumental 
measurements describe also dispersion of subsynoptic scale within the range of severai 
hours. So, we expected even higher standard deviation of instrumental measurementc. 
compared with COADS. We repeated calculations of intra-monthly intra-box standani 
deviation with only those observations of research vessels, which are sampled on 00, 06. 
12 and 1800 GMT. Results show a decrease in standard deviation ofabout 0.2-0.4 mh. , 
So, we can point out, that the higher standard deviation of wind speed from COADS, 
perhaps has another source, which is different from natural variability, and connectec 
with high er random error of COADS winds. 

As has been mentioned earlier, interannual variability of wind speed, a!HI 
especially its lang term changes, is the key question of the reliability of COADS winds. 
It is rather difficult to use our collection of research vessels measurements for thc 
comparison with interannual variations of COADS winds, due to the fact that even for 
the area with very high density of observations, not every month is complete with data. 
Nevertheless, we took some effort to check interannual variations, if only for a number of 
months, provided with relatively high number of measurements. Again, as before we took 
the same four 4° x 4° boxes for our comparison. The main problern is that even for thosc 
individual months, when research vessels worked in this area, not each 2° x 2° box within 
every 4° x 4° box has data, or has enough of them to calculate monthly means. So, wc 
first calculated 2° x 2° monthly means for those boxes were it was possible. Then for 
each of these individual months the procedure of optimal interpolation has been made to 
obtain monthly means for those 2° x 2° boxes, which are not complete with 
measurements. Of course, even after this procedure, we couldn't generate values for thosc 
months, when there was not one research vessel in the Newfoundland region. Then wc 
removed from COADS Release Ia values for those boxes, which were missing from our 
collection of instrumental measurements. In this way we obtained another version of 
COADS for this particular area, which is ofthe same quality (in terms of data covcrage), 
as research vessels data set. After that for this new version of COADS, the same 
procedure of optimal interpolation was applied. COADS indicates positive wind speed 
changes for most of the individual months, and most of the boxes. Upward trends arc 
ranging from 0.3 to 0.9m/s per decade. This is in agreement with the results ofDiaz et al, 
(I 995), this volume. Downward trends are obtained only for August. Re-interpolated 
version of COADS in 95% of cases supports with confidence these tendcncies. On thc 
other hand, data from a selected number of research vessels do not indicate any significant 
trends for any month, except in December. Figure 6 gives remarkable examplcs of this 
disagreement for May. So we can point out that positive wind trends in COADS Release 
la are not supported by the homogeneaus data of research vessels. Isemer (1995, this 
volume) comes to the same conclusion, comparing COADS Release I a with OWS data. 

It is intercsting also to make a separate comparison for only those months and 2-
degree box es, which are very complete with data from research vessels. Most of these 
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data were collected during special boundary layer experiments, carried out mostly during 
winter and spring of 1984, 1985, 1987, 1988 and 1990. TableIshows that the number of 
reports for certain boxes during these months sometimes is considerably higher in our 
research vessels collection, than in COADS Release I a. On the other hand" we have to 
note that monthly means in COADS for these months are mostly deterrnined by the 
contribution from research vessels. So, we shouldn't expect very remarkable differences. 
Nevertheless, even these 14 cases indicate higher wind speed from COADS in comparison 
with original sampled data and in comparison with wind, adjusted to a 10 meter Ievel. 
Standard deviation, taken from COADS release Ia arealso higher, although the difference 
here is not so remarkable, for the whole data set (4.5 rn!s and 4.8 rnls respectively for 
research vessels and COADS). 
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Table 1: Comparison of 2° x r monthly mean wind speed from COADS and research 
vessels measurements for some complete months. 

NN Month number number mean mean mean std std 
/year of of 

reports reports V Vadj V (RV) (COADS) 

(RV) (COADS) (RV) (RV) (COADS) 

I 1/84 78 167 11.5 10.0 11.1 3.6 4.2 

2 11/85 187 74 12.1 11.0 12.8 4.2 4.4 

3 12/85 240 142 12.9 11.8 12.0 5.6 5.5 

4 3/86 131 143 12.9 11.6 13.2 5.1 5.4 

5 2/87 84 49 10.2 8.9 12.3 4.1 6.0 

6 3/87 490 69 12.8 11.6 13.3 5.2 5.1 

7 3/88 455 143 11.2 9.8 10.4 4.9 4.9 

8 3/88 489 148 12.4 11.2 11.6 5.1 5.4 

9 3/88 107 75 9.5 8.6 12.2 4.8 4.0 

10 3/88 530 539 12.9 11.6 12.5 5.2 5.7 

II 4/90 399 93 8.2 7.0 8.6 4.0 4.4 

12 4/90 338 82 10.7 9.6 10.8 4.0 3.9 

13 4/90 470 143 8.3 7.5 8.6 3.2 3.8 

14 10/90 208 45 11.7 10.7 9.9 4.0 3.8 

mcan 300 146 11.2 10.1 11.4 4.5 4.8 
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Figure 1: Comparison of zonal average easonal cycle and zonal annual mean from 
COADS and SNMC climatologies. 
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Figure 2: Seasonal distribution of the number of Observations in COADS (white area) 
and in research vessels collection (black area). 
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Figure 3: Comparison of COADS monthly mean for 2 ° by ZO boxes with research 
vessels monthly means for the period 1981-1991. 
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Figure 4: Dependence of regression line between COADS and research vessels wind 
speed on the anemometer reference Ievel {left panel) and the minimum number of 
research vessels reports (right panel). Numbers indicate anemometer Ievel and 
minimum number of reports respectively. 
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Figure 5: Seasonal march of wind speed, Iaken from COADS (dashed line) and from 
research vessels collection before (!hin line) and after (bold line) adjustment ot 10 meters 
anemometer Ievel. 
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Figure 6: Interannual variability of May values of wind speed, taken from original 
COADS (dashed line), COADS, adjusted to research vessels data coverage (crosses), and 
from research vessels collection (black points). 
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The Accuracy of Wind Observations from Ships 

Peter K Taylor, Elizabeth Kent, Margaret Yeiland, and Ben Maat 

Introduction 

James Renneil Centre for Ocean Circulation 1 
Chilworth Research Park 

Southampton, UK 

Wind observations from voluntary Observing Ships (VOS) are either visual 
"Beaufort Scale" estimates or obtained by using an anemometer. Although the fraction of 
reports from each method varies from one ocean area to another, in all areas t!Ie 
percentage of anemometer derived repons has increased with time. Neither method 
necessarily gives an unbiased estimate of the wind velocity; visual wind estimates depend 
on calibration against anemometer values, and there are several possible sourccs of 
significant, systematic biases in anemometer observations. Given this situation, the aim 
must be to produce a consistent data set of wind observations in which anemometer and 
visual derived observations give rise to the samewind speed distributions. Such a data sct 
should eliminate spurious "climatic" trends such as an apparent wind speed increase duc 
to the increased use of anemometers ( e.g. Cardone et al. I 990). 

In this paper we will prcsent the results of work at the James Renneil Centrc on 
the accuracy of ship winds, occasionally reviewing other work which, having bccn 
published in reports, may not be readily available. Considering sampling issues, weshall 
briefly review evidence on the percentage mix of visual and anemometer winds and 
comment with regard to the possibility of "fair weather bias" in the VOS wind 
observations. Since Ocean Weather Ships have frequently been used to verify VOS wind 
estimates we shall report our results from Ocean Weather Station Lima. Results from thc 
VOS Special Observing Programme - North Atlantic (YSOP-NA) will be used to comparc 
visual winds (corrected to various Beaufon Scales) to observations from ships equipped 
with anemometers. We will then discuss the accuracy of anemometerwind estimates from 
ships. 

Sampling lssues 

Percentage of visual and anemometer winds 

1 The James Renneil Centre is a component of the Institute of Oceanographic Seiences 
Deacon Labaratory 
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Although it is known to contain inaccuracies, Kent et al. (1993) used the List of 
Selected Ships (WMO, 1990) to estimate that, at about that time, 70% of the global VOS 
fleet provided visual estimates, 22% used fixed anemometers, and 8% used hand-held 
anemometers. Which method was used depended principally on which country's 
meteorological agency had recruited the VOS, for example Germany and the UK advocate 
visual estimates whereas Japan and the USA use fixed anemometers and France supplies 
hand-held instruments. Thus, although many VOS operate world-wide, the mix of wind 
observation methods can be expected to vary from one ocean area to another. This is 
confirmed in the maps of the percentage of anemometer wind reports in the UK 
Meteorological Office marine data bank, presented by Ive (1987) for each S year period 
from 1960 to 1979; typical values are shown in Figure I. Cardone et al. (1990) also give 
the numbers of measured and visual observations for 3 areas, values estimated from their 
graphs are also shown in Figure I together with values from (Ramage, 1987) which, 
although attributed to the global VOS fleet, are presumed to relate to the South China Sea. 

Several features are apparent from Figure I. The number of anemometer derived 
winds has increased more rapidly in the Pacific compared to other ocean areas. Most of 
the winds from the Atlantic are visual. In the Southern Ocean there are a significant 
number of anemometer reports, probably from research ships and Antarctic supply 
vessels. There are problems with the data. Ive (1987) notes that all USA VOS reports for 
197S to 1981 were flaggedas visual and this error also appears tobe evident in the data of 
Cardone et al. (1990) for the North Pacific and South China Sea. The rapid increase in 
numbers of anemometer winds from the North Atlantic shown by the latter authors also 
Iooks suspicious compared to the previous trends. 

Figure I clearly shows that, unless visual and anemometer winds can be shown to 
be equivalent, there is the potential for introducing spurious spatial and temporal 
variations in the calculated wind climate. 

Sampling by merchant ships -fair weather bias 

The possible existence of fair weather bias must be considered when evaluating 
visual winds. For example if a Beaufort conversion scale has been derived by comparison 
of weather ship anemometer and VOS visual wind speed distributions, any fair-weather 
bias may have been effectively removed from the visual data. Kent and Taylor (1994) 
noted that the YSOP-NA data set contained fewer Observations at high latitudes during 
the winter months. However this need not have resulted in a bias provided that those 
observations which were available were randomly distributed with respect to the weather 
conditions. They tested this possibility by comparing two distributions of wind reports 
to determine whether the VOS sampled the wind climate at ocean station LIMA (S7°N 
20°W) in the same way as the weather ship CUMULUS which occupies that station. The 
first distribution was the full set of wind speeds reported by the OWS CUMULUS. The 
second distribution was the subset of OWS CUMULUS wind speed reports 
corresponding to times at which there was a VOS meteorological observation from the so 
by so area surrounding LIMA. If more than one VOS report had been received at the same 
time, the CUMULUS report was included in the distribution the appropriate number of 

133 



times. Figure 2 shows the resulting distributions of wind speed occurrences. Using a x2
-

test the data sets were found tobe the same to within 97.5% confidence Iimits. 
Kent and Taylor ( 1994) therefore concluded that there did not appear to be a 

significant re-routing of ships during periods of high wind speed in the area around 
LIMA. Presumably those YSOP-NA ships which traveled further south in winter did so 
because it was winter rather than because it was rough at the time of their voyage; thos<· 
that traveled north did so whatever the weather. 

Accuracy of Ocean Weather Ship Wind Reports 

Background 

Wind reports from Ocean Weather Ships have been used for comparison wit 
YOS wind reports by Quayle (1980), Graham (1982) and others, and data from the OW:· 
Cumulus will be used in evaluating the YSOP-NA results (Section 4, below). Howevc. 
the weather ship meteorological observations are generally made to the standard required 
for weather forecasting rather than climate research. In this section we will thereforc 
report the results of Taylor et al. (1994) which compare research quality wind 
measurements from the Cumulus with the Standard weather ship observations. 8oth sets 
of observations were derived from anemometers and may therefore contain some of thc 
errors which will be discussed in more detail in section 5. 

TheData 

The research quality wind data were obtained during the period April, 1992 to 
January, 1994, from a sonic anemometer mounted on the port side of the foremast 
platform. Ten minute averaged "horizontal" wind components and a vector averaged total 
wind vector were available 4 times per hour. There was negligible difference between 
these two estimates of the relative wind. The ships motion was recorded from a GPS 
navigation system, and the ship's head from a flux gate compass, at 2 minute intervals. 
These data were used to calculate true wind values. 

The standard hourly WMO wind observations are obtained by a meteorological 
officer reading an analog dial. There are two cup-anemometer and wind vanes mounted to 
either side of the aft mast platform; the windward one is read. The ship speed is obtained 
from the ship's officer on the bridge, the ship's head from a compass repeater. The true 
wind is calculated using a band calculator. 

Ship operating characteristics 

Figure 3 illustrates the recorded behavior of the OWS Cumulus in response to the 
wind speed climate at Lima. The most likely wind speed is about 10 m/s. For winds up to 
about 15 m/s the ship usually drifts (sideways with the wind about I 0 degrees forward of 
the port beam) until the edge of the operating area is reached, whereupon the ship steams 
back to the upwind side of the area. If the wind or sea state is too high (normally above 
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15 m/s wind speed), the ship heads bow into the wind at s1ow speed ("hove to"). Note 
that, whi1e the UK Met. Office anemometers are weil exposed when the ship is drifting, 
they are situated some distance downwind of the ship's bow when steaming or hove to. 
The anemometers are, however, at a high Ievel compared to the ships superstructure. 

The ship's speed when drifting or hove to is shown in Figure 4. As the wind 
increases the ship drifts downwind faster. When hove-to the engines are kept at a 
constant setting; as the wind increases the forward motion decreases. 

Camparisan af wind estirnates 

Wind estimates were compared for relative wind directions from 60° to starboard 
to I 00° to port; this included most of the Observations, and ensured that the sonic 
ancmometer had reasonable exposure. Figure 5(a) shows the averaged wind speed 
difference (Sonic- WMO) as a function ofthe true wind speed detennined from the sonic 
data. The sonic and WMO difference was variable but not significantly different from 
zero when the ship was steaming. The sonic read relatively high when the ship was 
drifting, and relatively low when the ship was hove-to, compared to the WMO values. 
This behaviour would be qualitatively explained if the ship's speed were neglected in 
rcporting the true wind. This appears to be confinned by Figure 5(b) which shows that, 
when the ship is hove to, the difference between sonic and WMO valucs corresponds 
weil with the ship speed. When drifting, the difference corresponds to the ship speed 
plus 0.4 m/s. 

Correction for Cumulus WMO wind observations 

Assuming that the sonic anemometer values are correct, Figure 6 shows the 
correction to be added to the reportcd winds from Cumulus. Below I 0 m/s the reports 
must be increased by about 0.8 m/s. Above 15 m/s, a decrease of about 0.8 m/s is 
rcquircd. Correcting the data in this way will introduce error into the relatively small 
number of observations obtained when the ship is steaming. 

Accuracy ofVo1untary Observing Ship Visua1 Winds- the YSOP-NA Project 

Background 

Previous studies have compared weather ship data with nearby visual winds 
(Quayle, 1980, Kaufeld, 1981 and Graham, 1982), compared visual and measured winds 
from the same ship (Cardone, 1969), or compared wind speed distributions (Quayle, 
1980). In analyzing the data from the VOS Special Observing Programme - North 
Atlantic, Kent et al. (1991, 1993) adopted a different method. Each observation from the 
46 ships participating in the two year project was matched with the outpul from a 
weather forecast model. By using the model as a comparison standard it was not 
necessary to restriet camparisans to geographically close pairs of Observations. Thus it 
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was possible to use all the reports in the YSOP-NA data. The method of wind estimation 
for each YSOP-NA ship was known, including the position and exposure of any 
anemometer carried (Kent and Taylor, 1991 ), and the YSOP-NA ships reported both 
relative and true wind values. 

Summary of VSOP results 

Kent et al. (1993) notcd that, for the YSOP-NA ships which used anemometers, 
the difference of the reported wind from the model value was greater for ships on which 
the anemometer was situated at a greater height (Figure 7). Having corrected the 
anemometer winds to I Om, their analysis suggested that the Cumulus winds were biased 
low at lower wind speeds and also that the model being used as a comparison standard 
probably underestimated the wind speed by about I to 2 m/s (Figure 8). They suggestcd 
that visual winds adjusted to the CMM scale are more compatible with anemometer 
winds than the original estimates based on the Code 1100 scale. 

Kent et al., ( 1991) showed that visual wind observations above 8 m/s were und er 
estimated at night (compared to daytime observations) unless the ship also carried a fixed 
anemometer. This suggcsts that the best Beaufort conversion scale would have different 
values for day and night. However, where a fixed anemometer was carried but visual 
winds reported, both day and night time values showed similar characteristics to the day 
time visual winds from ships which did not carry an anemometer. It appeared that the 
ships officers were not rclying solely on the anemometer at night, but rather using it to 
ensure consistency in their visual wind estimates. The differences (Figure 9) are of the 
same order as the difference between the Code II 00 and CMM wind scales. 

Re-analysis ofthe VSOP-NA resu/ts 

For this paper the YSOP-NA results have been re-analyzed with all wind 
estimates (anemometer and visual) corrected to the equivalent lOm neutral wind. Height 
correction was based on the Smith ( 1988) roughness lengths with the standard Businger
Dyer stability corrections using the observed values of sea surface temperature, air 
temperature and dew point. For visual winds the Code 1100 estimates represent the lOm 
wind, the CMM and Kaufeld scales have been corrected from 18m and 25m to lOm 
respectively. In addition the OWS Cumulus wind estimates have been corrected for the 
ship motion as discussed in Section 3. Figure 10 shows that the effect of correcting the 
anemometer wind values was to bring them into closer agreement with the reported 
Cumulus wind observations. Applying the correction to the Cumulus winds results in 
close agreement up to about 10 m/s, but increases the difference above about 15 m/s. 

The different wind conversion scales are compared to the anemometerwind values 
in Figure I Ia and to the corrected Cumulus reports in Figure II b. In each case the value is 
calculated by: 

(Average visual wind- model)- (Average anemometerwind- model) 

136 



and plotted against model wind speed. In each case the results confirm that, at most wind 
speeds, the CMM values are to be preferred to the Code II 00 values. For winds below 
I 0 m/s, the CMM scale appears to give better agreement with the anemometer winds than 
the Kaufeld scale. At higher wind values there is Iittle significant difference between the 
two scales. Note however that a different conclusion might result if only the night time 
observations were compared. 

Errors for Anemometer Wind Measurements on Ships 

Background 

The previous section has shown that, on average, the use of the CMM scale gives 
better agreement with anemometerwind Observations than the use of the Code II 00 scale. 
However this does not necessarily imply that the CMM scale represents more closely 
the actual wind speed since anemometer winds may bc affected by systematic errors. 
There are several possible sources of error for anemometer winds measurements. It is not 
known how wett the increasing number of anemometers being deployed have been 
calibrated or what, if any, measures are taken to ensure that the instruments rcmain within 
calibration. In use, the anemometer is exposed to a turbulent flow which fluctuates as the 
ship rolls and pitches and the anemometer may not be "vertical" with respect to the mean 
flow. The reported wind is an estimate ofthe average reading of a fluctuating analog dial 
made by the ship's officer. lt is not based on 2 minutes, and certainly not on I 0 minutes, 
of observation; 5 seconds seems more likely. Errors are then made in converting to true 
wind velocity. The following sections will first summarize results from the YSOP-NA 
experiment conceming anemometer winds, and then consider the errors likely from ship 
motion and the airflow disturbance by the ship. A method of establishing an absolute 
wind speed calibration will then be suggested. 

Results from VSOP-NA -- Instrument exposure and ca/ibration 

The most likely height of an anemometer on a YSOP-NA ship (Figure 12) was 
about 30m, considerably more than that shown in WMO (1990) for the YOS fleet as a 
whole. This may be becausc thc YSOP-NA ships carrying anemometers tendcd to be !arge 
container ships. For each ship the anemometer exposure was estimated on a scale from 0 
(poorly exposed) to 9 (weil exposed) for winds on thc bow, beam, and stem. The most 
Iikely ship speed at the time of observation was 16 to 18 knots, similar to the most likely 
wmd speed. As a result thc relative wind for 73% of observationswas from ±45° of thc 
bow and for 97% it was within ± 135° from the bow. Thus an anemomcter mounted 
forward of a mast structurc would have been shielded for less than 3% of the 
Observations, and 63% of observations achieved the top exposure rating. This does not 
mean that the anemometerwas situated in an undisturbed air flow, for example Figure 13 
shows the situation ofthe anemometer on one ofthe !arger YSOP-NA ships. 

lt will be shown below that possible mean errors from airflow disturbance by the 
ship may wett be of order l 0% or more. In analyzing the YSOP-NA results it was not 
possible to separate these instrument exposurc errors from anemometer calibration errors, 
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and the absolute accuracy was difficult to determine. Perhaps the best comparison 
standard were the OWS Cumulus winds from station Lima. Unfortunately Lima is north 
of most of the ship routes and it was necessary to assume that the UK Met. Office model 
was effective in providing a good comparison Standard for observations from different 
areas2 . With that proviso, and using the wind observations as reported, Kent et al. 
(1991) found !hat the YSOP-NA ship reports were about I m/s higher than the Cumulus 
values. Correcting the YSOP-NA ship winds for the height of the anemometer, the 
observations were on average about 0.8 m/s high er than the reported Cumulus winds ( c;ee 
Figure 10 and discussion above ). Correcting the Cumulus reports for the ship's mot'on 
resulted in agreement with the anemometer winds up to about 10 m/s; at higher winds •,he 
corrected Cumulus values were lower by something under I 0%. Thus even with all 
corrections applied, the YSOP-NA ships appeared to overestimate thc winds compa ed 
to the Cumulus. 

The YSOP-NA results showed that wind speed estimates obtained using hand
held anemometers were different in character to those from fixed instruments. Below 
about 7 m/s, wind speeds from hand-held anemometers gave similar results to the visual 
wind Observationsbasedon the Code II 00 scale. At higher wind speeds few observations 
were obtained, and these showed !arge scatter. 

Concerning wind direction, the mean differences from the model values wcre 
wirhin ±5° for most ships with no obvious bias. Mean difference for ships using wind 
vanes were similar to and sometimes !arger than the values for ships using visual 
estimates. 

Ca Ieu/ation oftrue wind 

The YSOP-NA results showed that a significant and unnecessary error was 
introduced because officers on ships using anemometers must perform the vcctor 
subtraction of the ships velocity from the measured relative wind. Since the most 
frequently occurring wind speed values were similar to or less than the ships' speeds, 
!arge errors could result if this calculation was not performed correctly. The YSOP-NA 
ships bad been rcquested to report ships speed and head, and the relative wind speed and 
direction, in addition to the true wind values. Thus, this calculation could be tested for 
about 2500 anemometer based rcports. The method used was to calculate the value of the 
relative wind implied by the true wind report Iogether with the ship's speed and head at 
the time of observation. This was compared to the relative wind reported. Only about 
50% of the reported winds corresponded to calculated relative winds wirhin ±I m/s of the 
observed value. A !arge fraction of the reports (about 25%) were more than ±2.5 m/s 
different. For wind direction only 70% were wirhin ± 10°, and 13% were outside ±50°. 

Errors sources for anemometer winds -- Errors due toship roll and pitch 

2 This may have not been the case since the OWS Cumulus wind observations would 
have been given greater weight when assimilated into the model; however tests suggested 
this was not a significant factor. 
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Ramstorf (1988) assessed the likely anemometer errors due to ships roll because of 
(i) "anemometer pumping" (ii) the tilt ofthe anemometer, and (iii) the variation ofheight 
in the near surface wind gradient, and demonstrated that only the first of these has the 
potential to contribute an error significantly above I%. The wind error due to anemometer 
pumping is a function of: 

(anemometer height aboveroll axis) x (roll angle) 
(roll period} 

Thus Figure 15 shows the percentage wind speed error for three cases for which possible 
combinations of anemometer height, roll angle, and roll period are shown in Table I. The 
errors are !arges! for case (c) which might represent a research vessel with a cup 
anemometer at 20m rolling through 10° with 5 second period. VOS are perhaps more 
likely tobe represented by cases (a) or (b), for example an anemometer at 40 m on a ship 
with a 20 second roll through 5°. In these cases the errors remain small und er most 
conditions and negligible compared to probable air-flow disturbance effects. 

Errors due to airjlow disturbance 

Attcmpts to determine the wind error at anemometer sites on research ships due to the 
airflow disturbance due to the ship were summarized by Taylor ( 1985). Based on 
comparisons with mcteorological buoys (Augstein et al., 1974; Large and Pond, 1982), or 
with bow boom anemometers (Ching, 1976; Kidweiland Seguin, 1978), he concluded that 
for relative winds within ±45° ofthe bow, ±5% was a reasonable accuracy estimate. For 
winds from other directions significantly different errors might occur. More recently, 
wind tunnel studies have been reported by Blanc (1986; 1987) for two naval ships, and 
Surry et al. (I 989} and Thiebaux (1990) for Canadian research ships. 

Although referring to a guided missile cruiser, the study of Blanc (1987) is 
perhaps closest in terms of ship shape and size to a VOS. The errors in speed at the 
anemometer (Figure 16) show the effects of the main mast which is directly downwind of 
thc anemometer for a relative wind direction of about 100°, and the wake of a smaller 
obstruction at 90° relative wind. However these effects appear to be super-imposed on an 
overall wind increase of about 9% which presumably represents the combined effects of 
the ship's superstructure and of a !arge radar antenna near the anemometer location. For 
comparison Figure 17 shows wind errors calculated using the model of Wucknitz ( 1977). 
The wind tunnel results for threc Canadian survey ships (Thiebaux, 1990) also show an 
increased wind speed at the main mast site of typically 5 to 10% for most relative wind 
directions. 

lncreased wind speeds of this magnitude at typical anemometer heights above the 
ships accommodation block have also been predicted by numerical modelling. Kahma and 
Lcpparanta (1981) used a potential flow model to predict errors of about 15% at the mast 
anemometer site on a small research vessel, the R/V Aranda. Dupuis (1994) has used a 
!wo-dimensional turbulent flow model to predict a wind speed increase of about 20% at 
the main mast anemometer site on the research ship Je Suroit. The use of three
dimensional computational fluid dynamics (CFD) to model the airflow over a ship is 
being evaluated at the James Renneil Center. Initially the aim is to simulate the wind 
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tunne1 resu1ts of Thiebaux (1990) (and field resu1ts of Anderson, 1993) for the survey 
ship CSS ·oawson. The pre1iminary resu1ts (Ricardo, 1994), Figure 18, have been 
ca1cu1ated for winds on the bow and have reproduced the wind tunnel results for !wo 
anemometer sites to within about 2%. 

In summary, for research ships and similar vessels, most studies show that an 
anemometer positioned on a mast above the accommodation is likely to over-read to order 
10% or so. This applies for all wind directions except where the anemometer is in the 
wake ofthe mast. The on1y studies showing a significant underestimate arecamparisans 
with a bow boom by Ching (1976), and camparisans with a buoy (Augstein et al., 1974), 
in both cases when the wind was on the beam. The Ching (1976) result could be due to 
errors in the bow boom data. The Augstein et al. (1974) results seem barder to explain; for 
the same ship Ramstorf (1988) found an over-estimate of order I 0% for beam winds. 
Whether an anemometer on a VOS (see for example, Figure 13), wou1d under-read or over
read is not known. Numerical simulations of typica1 VOS shapes would give some 
indication but we know of no such studies in progress or planned. The evidence presented 
in section 4.3 (Figure I 0) suggests that, after correction for the instrument height, VOS 
anemometers may read high compared to the OWS Cumulus, at least for wind speeds 
above 10 m/s. 

Toward an absolute wind calibration 

Given the difficulty of obtaining accurate wind measurements even from an ocean 
weather ship or research ship, an alternative standard for wind speed measurements must 
be sought. Meteorological buoys do not present thc air-flow disturbance seen on ships. 
However it is difficult to ensure that the anemometer remains weil calibrated over an 
extended period of time, and care is necessary in allowing for buoy motion and in the 
correction for the very low instrument height. Jf we assume that the quantity that is really 
required is the wind stress, then an alternative calibration method is suggested by the 
results of Yelland et al. (1994). By comparing different anemometers mounted on the 
foremast of a research ship, they concluded that, whereas wind stress could be estimated 
to a consistency of about 5% using the inertial dissipation method, stress estimates based 
on the mean wind and the bulk aerodynamic fonnula are likely to have errors of order 20 
to 30%. By equipping a subset of VOS with instrumentation to make inertial dissipation 
estimates of the wind stress, a wind velocity climatology could be produced using a 
specified drag coefficient formulation. Wind observations which were adjusted to be 
consistent with this climatology would then automatically produce the correct wind 
stress value. Suitable automatic instrumentation is available for wind stress estimation 
but the cost of the fast response anemometers and processing systems needed would be 
!arge compared to the cost of standard VOS instrumentation. 

Summary 

The percentage of anemometer derived wind reports has increased with time to a 
varying extent in different ocean areas. To prevent spurious temporal or spatial 
variations in the marine wind climate it ts important that anemometer and visually 
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estimated winds are compatible. Ocean weather ships might be expected to provide an 
accurate wind velocity estimate with which to calibrate VOS winds. However, by 
operating a sonic anemometer and GPS navigation system on the OWS Cumulus we have 
detected systematic errors in the wind reports of order 1 mls. These appear to be caused 
by the neglect of the correction for the, relatively small, ship speed when drifting or hove 
to. Using the Cumulus wind observations and the sampling frequency achieved by the 
VOS, we can detect no fair weather bias in the wind reports from the area around ocean 
station Lima. 

The accuracy of VOS wind reports was examined in the YSOP-NA project. All 
the visual wind scales examined (Code 1100, CMM IV, and Kaufeld) showed wind 
difference trends when compared with both OWS CUMULUS data and with VOS 
anemometer data. Code II 00 gives significantly !arger wind values at high er wind speeds. 
The closest agreement between VOS visual wind estimates, and VOS or Ocean Weather 
Ship anemometer derived winds, was obtained using the CMM IV scale. Visual winds at 
night underestimated the higher wind speed ranges; this should be investigated further. 

For anemometer derived winds from the YSOP-NA ships, significant errors were 
introduced during the calculation of the true wind speed from the observed relative wind. 
Correcting for the height of the anemometers improved the consistency of the data set. 
Having applied all corrections, the VOS anemometer derived winds agreed with the OWS 
Cumulus winds at wind speeds below about 10 m/s; at higher wind speeds the VOS winds 
appeared to be stronger. The anemometers on the YSOP-NA ships were generally weil 
exposed and it is unlikely that the roll and pitch of the ship resulted in significant error. 
However field calibrations, wind tunnel studies, and numerical models suggest that, for 
research ships, an anemometer situated on the main mast is likely to be in error by order 
I 0%. Usually the wind speed is overestimated. The magnitude and sign of this airflow 
disturbance error for a typical VOS ship is not known. lt could be estimated using 
computermodeHing techniques of the sort we are developing for research ships. 

At present we have no absolute calibration for marine winds. Estimates of the 
wind stress using the inertial dissipation method could be used to calibrate marine winds. 
However the cost of the instrumentation systems would be significant. 
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Table 1: Possible combinations of anemometer height aboveroll axis (m), roll amplitude 
(degrees) and roll period (seconds) for the three cases shown in Figure 15. 

Anemo Ht Case (a) Case (b) Case (c) 

(m) Roll CO) 
Period 

Roll ( 0
) 

Period 
Roll ( 0

) 

Period 
(sec) (sec) (sec) 

l 
10 5 5 10 5 16 4 

20 5 10 10 10 10 4 

30 5 20 10 20 10 10 
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Figure I: Percentage of anemometer wind reports for different ocean areas for year 
periods from 1960 to 1985. The values have been roughly estimated from [C] Cardone et 
al., (1990), [I] Ive, (1987), [R] Ramage, (1987). The areas shown are (a) North Atlantic, 
(b} Indian and southern hemisphere occans, (c) North Pacific regions. 
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Figure 2: Cumulative percentage distributiojn of OWs Cumulus wind data and vos wind 
data as a function of OWS Cumulus wind speed (m/s) at the time of the VOS 
ob ervation. 
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Figure 3: Area plot of wind speed occurrences from the sonic anemometer data from 
OWS Cumulus. The number of ccurrences is shown for each 2 m/s interval. The shaded 
area represents the contribution to the total number of cases obtained at each wind 
speed when the ship was drifting, steaming, or hove to. 
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Figure 4: Mean ship speed (mls) when drüting or hove-to plotted against the true wind 
speed derived from the sonic anemometer and GPS data. 
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Figure 6: Correction to be added to Cumulus WMO wind observations calculatcd as a 
function of the uncorrected Wl\10 observation. 
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Figure 7: Average difference between the reported wind and the mode value for YSOP
NA ships which used fixed anemometers plotted against the height of the anemomt<cr 
(adapted from Kent et al., 1993) 
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Figure 8: The mean diiTerence in wind speed measurements (VSOP-NA ship minus 
model value, m/s) plotted against the model wind speed value. The results from fixed 
anemometers have been corrected for the anemometer height. The visual estimates have 
been corrected to the CMM Beaufort scale. (The dashed line represents the visual 
values using the Code 1100 scale). Also shown are the anemometer data for the Ocean 
Weather Ship Cumulus. (From Kent et al., 1993) 
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Figure 9: VSOP measured wind speed (m/s) binned on model wind speed (m/s) 
separately for visual winds reported on ships with and without fixed anemometers and 
for day and night observations. (From Kent et al., 1993) 
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Figure 10: Average difference between the reported wind and the model value for 
VSOP-NA ships which used anemometers both before and after correcting to the 10m 
neutral wind values. also shown are the difference for the Cumulus, corrected to 1Om 
height, both before and after correction for ship motion. Uncorrected values are joined 
by broken lines, corrected values by fulllines. 
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Figure 12: Anemometer heights for the VSOP-NA ships and for the whole VOS fleet. 
(from Kent and Taylor, 1991) 
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Fi~urc 1-1: Cumulathe percenta~e plot of thc diffcrence in the relati\'c wind rcportcd h~ 
thc VSOP-NA ship and the relative wind calculated from the reported true wind \'l'locih 
to~cthcr with the ship's hcadin~ and spccd at thc time ofthe observation. (a) \\ind spccd; 
(b) wind dircction. 
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Fi~:urc 15: Percentage wind speed error duc tu anemomcter pumpin~: by thc ship's roll 
for three cases (see text) 
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Fi~:urc 16: Percentage wind error from the wind tunnel study of Blanc (1987). Thc data 
from the port anemometer has been plotted as if the anemometer were situatcd in thc 
starboard anemometer position . 
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Figure 17: Errors in (a) wind speed (%) and (b) wind direction (degrees) at positions 1.5, 
2.5, 5, and 10 mast diameters away from a circular mast, calculated using model of 
Wucknitz, (1977) 
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Figure 18: Flow over the CSS Dawson determined by CFD modelling (Ricardo, 1994). 
Regions of positive and negative wind speed error are marked. 
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On problems using archived marine wind data: The relation between 
Beaufort estimations, encoded wind speeds, and real wind speeds 

Introduction 

Heiner Schmidt 

Deutscher Wetterdienst-Secwetteramt 
Postfach 30 II 90 

D-20304 Ilamburg, Gcnnany 

A few ycars ago the author had the task to dctcrminc the wind power potential in 
coastal sea arcas along the coasts ofthc European Community. This had tobe pcrformcd 
using marine (voluntary ships') wind Observations only. The data base was the marine
metcorological archive of Deutscher Wetterdienst, Secwetteramt (Marine Meteorological 
Office) in Hamburg which prescntly consists of somc 60 million of marine data rccords, 
about 1.5 million of thosc are along European Community coasts. 

Ofthe lattcr all those wind obscrvations markedas "measured" (about 15%) were 
discarded. The rcason for this was that the mcasuring height was unknown, a possible 
flow distortion by the ships' bodies, and thc possibility of an inadequate rcduction of 
ship's spccd and course in the wind. 

The rest of the marine wind values (85%) aremarkedas "estimations." The data 
sets in our archive contain both a Beaufort valuc and a speed in knots. For tcchnical 
applications the wind can only be used as speeds in metric units. As a first approach we 
therefore tried to use the Beaufort forces and then transform them to speeds by the 
"Bcaufort equivalent scale" developed by Kaufeld (1981), as the cquivalent scalc of 
WMO was known to be biased. Kaufeld derivcd his scale by comparing the Beaufort 
estimations of voluntary ships to the measurements of the former Occan Weather Ships 
(OWS), using a very sophisticated comparison method in space and time. 

The author re-analyzed the Kaufeld scalc cspecially at low speeds (Bcaufort 1-3 ), 
and corrected it for an assumed spced reduction of the anemometers due to friction at low 
speeds (see differences in Table I, column (1), Kaufeld, and (2), Schmidt). We then 
immediatcly leamed, that the Beaufort values of our archive are NOT thc original wind 
observations, but the speeds recorded in knots. The Beaufort values in our archivc have 
been SET, according to the WMO Beaufort scale. As far as we know, this is truc in all thc 
archives, at least formarine observations after World War II. 

For Kaufeld's investigation this was no big problem. At that time our archivc morc 
or lcss only consisted of German obscrvations, and the German observers up to then 
closely followed the WMO scale, encoding only the "equivalcnt speeds" ofthc cstimated 
Beaufort force. So the author could combine columns (4) and (2) ofTable I and develop a 
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continuous non-linear Iransformation from "WMO encoded specds' into "real speeds at 
25m height" above sea Ievel (see also fig. l ). 

Analysis 

When we nowadays take a close Iook at the contents of the wind information in 
our archive, we find, that the observers in many countries (and also our observers) did or 
do not follow the strict WMO proccdure but set all possible wind speed values between 
thc "Beaufort equivalents". Analyzing the frequency distribution of encoded wind speeds 
in stcps of one knot, we find a Iot of different encoding routines (Table 2). This results in 
a dense, but very inhomogeneaus frequcncy filling ofthe distribution of"knots". 

Since no one is able to estimate wind speeds just by "feeling", the author assumed, 
that all observers implicitly or explicitly use the wind estimation method recommended 
by WMO (1949): That is, to Iook at the sea surface, determine the sca state, and 
according to that a Beaufort wind value, and finally to Iook up a table defining an 
equivalent wind speed and write it down. We further assumed, that these "equivalcnt 
wind speed" tables in all countries either are the one proposed by WMO or were derived 
from it. 

When we use the above mentioned Iransformation ( callcd "transform I"), and 
apply it to a weil covered wind specd distribution (fig. 2, examplc for the North Sea with 
about 500000 Observations, showing frequencies of excecdance versus wind speeds), a 
step function results due to the inhomogeneaus probability density. This has an 
unfavorable effect on curve fitting routines, especially when they arc done automatically 
in limited intervals (in our casc we fitted a Weibull distribution in the specd range 3-20 
m/s for the calculation of wind energy). 

We therefore went one step further, and developed a second Iransformation 
(transform 2 in fig. 2), by shifting the speed values of the step function horizontally (i.e. 
on the speed axis) towards a Weibull distribution, which was carefully fitted piece wise 
over entire periods ofthe steps in the distribution (fig. 2 is only the enlarged middle part). 
The resulting Iransformation is Jisted in Table 3, which is further subdivided in German 
and a mixture of othcr observation sources. The tables arc used in the following way: 
Given you have a wind speed distribution in knots "encoded", then thc Jower boundary of 
the class, e.g. "25 knots" is (as a real speed at 25m hcight) 13.7 m/s for German and 12.9 
m/s for a typical mixture of "foreign" observations. The resulting frequency distributions 
are rather smooth and can easily be treated with curve fitting routines. 

Admittedly, the method described above is "brute force", but (looking at the 
results, e.g. fig. 3) it seems to work. 
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Table 1: Beaufort-Scales 

(lower boundaries of Beaufort classes in meters/second) 

Re-analyzed 

Kaufeld Schmidt 

Bft 1981 1991 CMM-IV WMO 

(1) (2) (3) (4) 

0 0.0 0.0 0.0 0.0 

1 0.8 1.7 1.3 0.3 

2 2.8 3.2 2.8 1.8 

3 5.4 5.3 4.4 3.3 

4 7.5 7.6 6.4 5.4 

5 10.0 9.9 8.5 8.0 (8.5) 

6 12.1 12.1 11.1 11.1 

7 14.7 14.4 13.6 14.1 

8 17.2 17.1 16.2 17.2 

9 20.3 20.4 19.3 20.8 

10 23.4 23.5 22.4 24.4 

11 27.0 26.9 26.0 28.6 

12 30.6 30.5 29.6 32.7 

Seal es ( 1) and (2) are valid for 25 m above sea Ievel, scales (3) and ( 4) are probably for 10 m 
above sea Ievel. 
The generat problern is now, that in most of the modern marine meteorological archives (after 
1950), the original values for estimated wind spceds are not the Beaufort forces, but encoded 
speeds in "knots" or "rnls" 
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Table 2: Settingof "Knots" due to different encoding procedures 

Bft Kts A B c D E F G Sum 

0 0 X X X X X X - 6 
I - - - - - - -

I 2 X X X - X X - 5 
3 - - - - - - - -
4 - X X - X - - 3 

2 5 X - - X - X - 3 
6 - - X - - - - I 
7 - - - - - - - -
8 - X X - X - - 3 

3 9 X - - - - X - 2 
10 - - X X - - - 2 
II - - - - - - - -
12 - X X - - - - 2 

4 u X - - - - X - 2 
14 - - X - X - - 2 
15 - - - X - - X 2 
16 - - X - - - - I 

17 - X X - X - - 3 
5 18 X - - - - - - I 

19 - - X - - X - 2 
20 - - - X - - - I 
21 - - X - - - X 2 
22 - - - - - - - -
23 - X X - X - - 3 

6 24 X - - - - - - I 
25 - - X X - X - 3 
26 - - - - - - - -
27 - - X - - - X 2 
28 - - - - - - - -
2~ - X X - - - - 2 

7 30 X - - X - - - 2 
31 - - X - X X - j 

32 - - - - - - - -
33 - - X - - - X 2 
34 - - - - - - - -
35 - X X X - - - 3 
j() - - - - - - - -
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T bl 2 (C t) S tf g of "k ots" due to different encodin!! nrocedures a e : on e ID n 

Bft Kts A B 

8 37 X -

38 - -

39 - -

40 - -

41 - -

A: Beaufort Equivalcnt in knots 
B: Beaufort Equivalcnt in whole m/s 
C: Contin. scale in m/s 

X 

-

X 

-

X 

c D E 

- X 

- -

- -

X -

- -

NLD,FRG,UK,ISL 
USA 

F 

X 

-

-

-

-

USA, USSR, formerGOR 

G 

-

-

-

X 

-

s lllll 

4 

-

I 

2 

I 

D: Contin. scalc in 5 knot incrcmcnts 
E: Beaufort cquivalent in m/s, 

CAN, UK, NLD, FRA, POL, and othcrs 

(differs from B) 
F: Beaufort cquivalent in knots 

(differs from A) 
G: Additional "half Bft stcps in 

knots ( .. 15 21 27 33 ctc.) 

further: ( all obscrvcrs) 

formerGOR 

YUG 

FRG and others 

Preference of evcn numbers, prcference of end digits 0 and 5 
Preference of end digits 0 2 5 8 (Israel) 

Distribution of Observations 
total: 537637 

NL 7% 
USA 27% 
UK 27% 
F 5% 
CAN 0.5% 
FRG 17% 
ISR 5% 
USSR 1% 
YUG 2% 
POL 3% 
GOR 2% 
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Table 3: Conversion of speeds in knots (encoded according to Wl\10 Beaufort scale, 
resulting from estimations), into "real speeds" (rn!s) at 25m beight above sea Ievel. The 
"real speeds" are lower boundary values for the original knot classes. 

Conversion Table- German Wind Observations 

Knots 0 I 2 3 4 5 6 7 8 9 

00 0.0 1.6 1.7 3.1 3.2 3.3 5.2 5.3 5.4 5.5 

10 7.4 7.5 7.7 7.8 9.4 9.5 9.7 9.8 9.8 11.5 

20 11.6 11.7 11.8 11.9 12.0 13.7 13.8 13.9 14.2 14.2 

30 14.3 16.4 16.5 16.6 16.9 17.0 17.1 17.2 19.8 20.0 

40 20.1 20.5 20.6 20.7 20.8 23.3 23.4 23.6 23.7 24.1 

50 24.2 24.3 25.0 27.0 27.1 27.2 27.3 27.7 27.8 28.2 

60 28.8 31.0 31.1 31.5 31.6 33.3 33.4 33.5 33.6 34.8 

Conversion Table- Typical mix of foreign Observations 

Knots 0 1 2 3 4 5 6 7 8 9 

00 0.0 1.8 1.9 2.7 2.8 3.4 4.1 4.5 4.7 5.2 

10 6.1 6.6 6.7 7.2 8.0 8.4 8.6 9.1 9.5 10.2 

20 10.7 11.0 11.3 11.6 11.9 12.9 13.2 13.4 13.8 14.1 

30 14.5 15.8 16.0 16.2 16.5 16.8 17.2 17.4 18.9 19.1 

40 19.5 20.2 20.5 20.8 21.1 22.3 23.0 23.2 23.7 24.1 

50 24.4 25.0 25.4 26.6 26.7 27.1 27.5 28.1 28.2 28.8 

60 28.9 31.0 31.1 31.7 32.1 32.5 33.0 34.2 34.4 35.2 
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Figure 2: 
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Figure 3: 
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Standard Error Estimation of COADS Monthly Mean Winds 

Introduction 

Mark L. Morrissey 
Oklahoma Climatological Survey 

University of Oklahoma 
Norman, Oklahoma 73019 

Jose A. Maliekal 
Dept. of the Earth Seiences 

SUNY Brackport 
Brockport, New York 14420 

The Comprehensive Ocean-Atmosphere Data Set (COADS) contains ship 
obscrvations from 1854 to 1990. Several versions of this data set are available including 
onc containing individual ship reports of various meteorological and oceanographic 
measurements. The extremely !arge data volume of this version necessitated another 
version containing spatially and temporally averaged reports representing monthly 
averages over 2° x 2° areas (i.e. boxes). The highly variable distribution of ships, 
espccially in tropical regions, produces considerable uncertainty in these box averages. 
Onc measure of the random error associatcd with the monthly averages is the standard 
error of the mean. Unfortunately, the small sample sizes and the difficulties of 
incorporating changing ship locations has bindered an early development of a robust 
standard error equation for COADS box averages. 

By defining a grid system based upon the minimum spatial resolution of COADS 
individual ship reports (i.e. 0.1° x 0.1° latitude-longitude), a practical standard crror 
relationship is presented which can be applied to thc monthly averagcs. By dcvcloping 
the equation using the long-tcrm mcan, sample statistics, such as the point variance and 
the lagged correlation, are relatively unbiased making the standard error equation quite 
robust. The equation was initially developed for two dimensional fields by Morrissey et 
al. (1994), but is easily applied to three dimensional box averages. 

Equation Development 

A grid system is used whereby each 0.1 o x 0.1 o grid location is numbered 
systematically from I to 400 (i.e. 20 x 20) for hour 1 in the month, from 401 to 800 for 
hour 2 and so on. The sample time-space average for month m can be defined by, 
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N 

Ix(i)o(i) 

X = -'-''-"-' --m n 

where x(i) is an individual ship report (e.g. the u component) located at grid i, N ic the 
total number of grid points and n is the number of ship reports in the box. An indi< tor 
variable, 8 (i) is one if a ship is present at grid i and is zero otherwise. This variab · ts 
used to incorporate the ship locations into the equation. Also, the overall mean <L he 
ship reports is removed from each x(i) value. The field mean for month m is defincd b ·, 

N 

Ix(i) 
/lm = i=IN 

Morrissey et al. (1994) derived a practical form of the standard error equation by 
substituting these two expressions into 

a' = E[X -" ]2 
x M rm 

and expanding to arrive at 

[
I 2 N-i 2 N-1 ]~ 

a;=a -+-,Lp(L)w(L)--,I<N-L)p(L) 
n n L=l N L=l 

where a = point variance 

N==L 

w(L) = Io(i)o(i + L) 
iu==l 

p(L) = lagged auto correlation 

where w(L) is a weight factor which is a function of the network configuration. The 
quantity in the !arge brackets is the variance factor which accounts for the sample size and 
the depcndence among the reports in both time and space. The second term in the 
variance factor accounts for the variance of the sample mean about the Iang-term mean 
and the third term accounts for the variance of the population monthly field about the 
Iang-term mean. The second term is an estimate ofthe average correlation within the Iime
space volume. A dustered network will generally provide overestimates of the average 
correlation since w(L) will be !arge when the correlation is !arge (i.e. L is small). Thus, the 
difference between terms 2 and 3 should be rather !arge for a dustered network. 
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Examining the Standard Error Equation 

By assuming a two dimensional anisotropic exponential spatial correlation 
function (figure 1), the behavior ofthe standard error given specific grid configurations can 
be observed. Four grid configurations are shown in figure 2, a random, a clustered, a 
uniform and a linear network (i.e. linear network # 1 ). A fifth network (not shown) is a 
simple 90 degree rotation of the linear network #I (i.e. linear network #2). By multiplying 
the denominator in the exponent of the correlation function by a constant, the e-folding 
distance along the major axis can be varied. lt can be observed (figure 3) for differente
folding distances, the variance factor, and hence the Standard error, generally decreases 
with increasing correlation. This results from the increased areal representation of a given 
ship report (i.e. increased dependence among ship reports). Also, linear network #2, 
which is aligned along the major axis of the spatial correlation function provides higher 
variance factor values per e-folding distance than does linear network #I. This is due to a 
!arger amount ofredundant infonnation measured by linear network #2 (i.e. w(L) is !arge 
when the correlation is high). lt can also be observed that for all of the nctworks except 
the random and uniform networks, the variance factor initially incrcases with increasing 
enfolding distances. This results from the increasing differcnce between terms two and 
three in the variance factor with these networks. This behavior is dependent upon, not 
only the network configuration, but the correlation function as weil. 

Relevance to COADS 

The use of the long-term mean in the sample statistics means that the sample 
statistics should be relatively unbiased. Thus, the standard error equation is fairly robust. 
By estimating a representative time-space correlation function for different oceanic 
regions, the standard error of monthly box averaged wind components can be found given 
different COADS ship distributions. Thus, standard error cstimates can now be produced 
for COADS 2° x 2° monthly averages. 

References 
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Figure 1: The two dimensional exponential correlation function used to lest the standard 
error equation. 
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liigure 2: Four sample network configurations overlaid on a 100 x 100 grid. 
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Figure 3: The variation of the variance factor defined in the text as a function of the e
folding distance using the anisotropic spatial correlation function shown in figure 1. 
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Effects of Different Wind Stress Climatologies on the North Atlantic 
Circulation: Model results 

Claus W. Böning 

IfM Kiel, Germany 

Can we use ocean circulation models to testwind stress fields? Even in the case of 
a perfect model, several issues need to be considered if we want to learn something from 
comparing simulated volume Iransports with Observations. Obviously, we have to 
identify circulation regimes where the oceanic transports are (predominantly) driven by 
the wind stress, so that changes in the winds have significant effects on the resulting 
circulation. In addition, we have to focus on those areas in the ocean where the transport 
is well-known from observations. In this report, I shall discuss these issues for the case of 
the North Atlantic. The model being used is that developed by Bryan and Holland ( 1989) 
as a "Community Modeling Effort" (CME) under the World Ocean Circulation 
Experiment (WOCE). The model spans the Atlantic Ocean between !5° S and 65° N. In 
recent years, a suite of model cxperiments has been conducted by the CME groups at 
NCAR and at IfM Kiel, differing in a number of model factors, including horizontal 
resolution, frictional parameterization, wind and thermohaline forcing. For model 
descriptions, Iist of experiments, and detailed accounts ofthe mean circulation in different 
parts ofthe basin, the reader is referred to Bryan et al. (1994) and Böning et al. (1994). 
Model results discussed in this report are all from a model version with a grid resolution 
of 1/3 deg. in latitude, 2/5 deg. in longitude, and 30 Ievels in the vertical. 

Large-scale ocean circulation is forced by the momentum, heat and freshwater 
fluxes at the surface. The thermohaline forcing in the Atlantic Ocean is associated with 
deep water renewal in subarctic regions, driving an overturning motion with a northward 
flow of warm water in the upper 1000 or 1200 m, and southward flow of cold, North 
At1antic Deep Water between 1000 m and 4000 - 4500 m. The deep flow has a strong 
impact on the vorticity balance of the horizontal circulation in the subpolar North 
At1antic. 8oth the CME-results (Bryan et al. 1994) and diagnostic modcling by 
Grcatbatch et al. (1991) suggest that the structure and strength of the subpolar gyre is 
govcrned by the thermohaline-driven flow and its interaction with bottarn topography, 
and to a much lesser degree by the wind stress. (This does not hold, however, for the 
seasonal variability which, in good approximation, can be understood in terms of a linear 
response to the variation in the wind stress curl. Lack of data would presently not allow 
to use this behavior for a test of different wind stress fields in the subpolar North 
Atlantic.) A model evaluation in terms of a wind-driven Iransport has to be restricted to 
the upper-layer circulation in the tropics and subtropics, south of the Gulf Stream 
rccirculation regime. 

The second requirement noted above, knowledge of volume transports from 
observations in the ocean, readily Iead to further restrictions. As recently discussed in the 
review of Schmitz and McCartney (1993), there is very little quantitative information on 
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oceanic transports; the singular exception for the North Atlantic is the Iransport through 
the Straits of Florida which had been studied over many years with different methods. 
The mean northward Iransport is 30- 31 Sv, with little interannual variability, and a well
defined seasonal cycle. Both the mean and the seasonal variation of the Florida Straits 
Iransport had been studied with the CME model, using two different wind stress 
climatologies (i.e., HR and IH, respectively; see below) (Böning et al. l99la). As it turns 
out, however, focusing on the Florida Straits Iransport alone is of limited value for a test 
of the wind driven circulation in the subpolar gyre. The seasonal variation of the Florida 
Current is largely due to the variation of the meridional wind stress along the coast 
(Böning et al. l99la). The mean transport, on the other hand, only partly represents the 
northward retum flow of the wind-driven, southward flow over thc interior of the basins; 
ab out 40% is considered to be part of the meridional overtuming (Schmitz and Richardson 
1991 ). Some fraction of the wind-driven gyre flow does not enter the Caribbean Sea to 
feed the Florida Current, but flows northward in a weslern boundary current to the east 
of the Bahamas (in what is sometimes called the Antilies Current, though it does not 
represent a continuous flow along the Antillean Archipelaga ). In the context of model 
validation, this Ieads to at least two problems. First, even after several years of current 
meter measurements, there is considerable uncertainty about the mean Iransport due to a 
strong variability on monthly time scales, associated with a meandering ofthe current axis 
(Lee et al. 1990); recent estimates seem to converge at 5- 10 Sv (at 26.5° N). Second, in 
model simulations the fraction of the flow entering the Caribbean through the narrow 
island passages must be sensitive to details of the topography, friction, etc. The situation 
for the l/3-degree CME model is illustrated in Fig. l, showing the mean flow in the 
weslern subtropical North Atlantic at 232 m and 2125 m, and Fig. 2, showing a zonal 
section ofthe mean meridional velocity at 26° N. 

According to the situation described above a quantitative model-data comparison 
concerning the wind-driven transport in the subpolar gyre cannot focus on the Florida 
Current; it has to be based on the total northward Iransport in the weslern boundary 
currents (WBC) to the west and east of the Bahamas. Present estimates for this are 35 -
40 Sv (and one can expect the uncertainties to decrease over the next several years due to 
ongoing measurement programs east of the Bahamas). In addition we need information 
about the fraction of the total WBC Iransport associated with the thennohaline 
overturning. (Model results indicate that at this latitude, because of the confinement of 
the deep flow to the weslern boundary, the total northward Iransport may in good 
approximation be considered as a linear superposition of a thermohaiirre and a wind
driven part.) From zonal, transatlantic hydrographic sections along 25° N the overturning 
is estimated to be about 15 Sv, leaving 20 - 25 Sv for the net contribution of the wind
driven gyre to the northward, upper-layer flow at the weslern boundary. The Iransport 
budget at this latitude is schematically illustrated in Fig. 3. 

CME experiments have been carried out with four different, monthly mean wind 
stress climatologies: the stresses based on historical marine observations given by: 

(i) Hellerman and Rosenstein (1983 ); in the following denoted HR; 

(ii) Isemer and Hasse (1987), denoted IH; 
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(iii) the model stresses given by Trenberth et al. (1990) based on their analysis of 

the 1000mb winds ofthe ECMWF for the period 1980- 1986, denoted ECMWF; 

and 

(iv) monthly mean stresses from a 10 yr. control integration ofNCAR's Climate 

Community Model 2; denoted CCM2. 

A more detailed discussion of the mean circulation in these experiments may be 
found in Bryan et al. (1994). The wind stress climatologies in (i) and (ii) are compared in 
Böning et al. (199lb ). The interesting question in the present context is to which extent 
these climatologies Iead to differences in the Iransport of the subpolar gyre in the North 
Atlantic. As outlined above, this may be boiled down to a single number: the southward 
Iransport in the upper layer (top 1000 m) at 25° N, between the coast of Africa and the 
eastem edge of the WBC east of the Bahamas. The results are 

24 SvforHR 
31 Sv for IH 
25 Sv for ECMWF 
19 Sv for CCM2. 

These numbers represent averages over several years of integration. (For a 
discussion of the interannual variability see Bryan et al., 1994.) Comparison with the 
observed wind-driven transport indicates IH to be too strong, HR and ECMWF about 
right, and CCM2 somewhat too weak at this latitude. 

In summary, it is important to stress the singularity of the situation at 25° N: it 
represents the only latitude in the North Atlantic where we both have fairly good 
information on the total volume Iransport and can, to a good approximation separate the 
relative contributions from the thermohaiirre and wind-driven flows. It is important to 
stress also, that for a model-data comparison a circulation model with sufficiently fine 
grid spacing to resolve the WBC system is required; and that a comparison can not be 
based on the well-measured Florida Current alone, but has to take into account the 
significant, but less-known transport to the east of the Bahamas. 

References 

Böning, C.W., R. Doscher, and R.G. Budich, 1991: Seasonal Iransportvariation in the 
weslern subtropical North Atlantic: Experiments with an eddy-resolving model. J. 
Phys. Oceanogr., 21, 1271-1289. 

Böning, C.W., R. Doscher, and H.-J. Isemer, 1991b: Monthly mean wind stress and 
Sverdrup Iransports in the North Atlantic: A comparison of the Hellerman
Rosenstein and Isemer-Hasse climatologies. J. Phys. Oceanogr., 21,221-235. 

Böning, C.W., F.O. Bryan, W.R. Holland, and R. Doscher, 1994: Thermohahne 
circulation and poleward heat transport in a high-resolution model of the North 
Atlantic. Submitted to J. Phys. Oceanogr. 

173 



Bryan, F.O. and W.R. Holland, 1989: A high-resolution simulation of the wind and 
thermohaline-driven circulation in the North Atlantic Ocean. In: parameterization of 
small-scale processes. Proceedings "aha huliko'a", Hawaiian Winter Workshop, 
University ofHawaii, 99-115. 

Bryan, F.O., O.W. Boning, and W.R. Holland, 1994: On the mid-latitude circulation in a 
high-resolution model ofthe North Atlantic. Submitted to J. Phys. Oceanogr. 

Greatbatch, R.J., A.F. Fanning, A.D. Goulding, and S. Levitus, 1991: A diagnosis of 
interpentadal circulation changes in the North Atlantic. J. Geophys. Res., 96, 22009-
22023. 

Hellerman, S. and M. Rosenstein, 1983: Normal monthly wind stress over the world 
ocean with error estimates. J. Phys. Oceanogr., !3, 1093-1104. 

Isemer, H.-J. and L.Hasse, 1987: The BUNKER Climate Atlas of the North Atlantic 
Ocean. Vol. 2: Air-Sea Interactions. Springer Verlag, 256 pp. 

Lee, T.N., W. Johns, F. Schott, and R. Zantopp, 1990: Western boundary current 
structure and variability ast of Abaco, Bahamas, at 26.5 N. J. Phys. Oceanogr., 20, 
446-466. 

Schmitz, W.J., Jr. and W.S. Richardson, 1991: On the sources of the Florida Current. 
Deep-Sea Res., 38,379-409. 

Schmitz, W.J., Jr. and M.S. McCartney, 1993: On the North Atlantic circulation. Rev. 
Geophys., 31,29-49. 

Trenberth, K.E., W.G. Large, and J.G. Olson, 1990: The mean annual cycle in global wind 
stress. J. Phys. Oceanogr., 20, 1742-1760. 

174 



Figure 1a: CME model estimate of mean flow in the western subtropical North Atlantic, 
at 232 m depth. 
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Figure 1b: CME model estimate of mean flow in the western subtropical North Atlantic, 
at 2125 m depth. 
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Figure 2: Zonal cross-section of mean meridional velocity near 26 N. 
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Figure 3: Oceanic transport budget at 26 N. Values is Sv. 
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Part IV 

Applications and Data Improvements 
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Use of COADS Wind Data in Wave Rindcasting and Statistical 
Analysis 

Introduction 

V. R. Swail 

Climate Research Brauch, Environment Canada 
Downsview, Ontario 

Wind observations from the Comprehensive Ocean Atmosphere Data Set 
(COADS) are used for two primary applications by Environment Canada: (1) the 
production of various wind statistics for design and operationa1 p1anning, and (2) 
hindcasting of ocean waves, particularly in severe storms. 

For wind statistics, the wind data are used directly in the Marine Statistics 
(MAST) interactive statistical ana1ysis suite of programs (Swail et al., 1983), which 
produce both point statistics and contour analyses for marine climate atlases. Although 
problems relating to consistency in shipboard wind observations have been weil 
documented (Dobson, 1981; Pierson, 1990), no modification is made to the wind 
observations in COADS for these ana1ysis. It is generally considered that for these 
purposes that differences in measurement or observation methods are unimportant ( e.g. 
Ramage, 1987). However, when these wind observations are used as input to wave 
hindcasting ( or forecasting), or for other applications such as flux calculations, or for 
climate change detection, errors in wind observations become very important. 

Wave Hindcasting using COADS Winds 

It is well-documented that wind field errors are the single largest source of error in 
spectral wave modeling. Winds produced directly from numerical weather prediction 
models do not provide the same degree of accuracy for wave modeling as winds produced 
by kinematic analysis of wind fields from surface wind observations from ships and 
buoys ( e.g. Khandekar et al., 1994). However, since the wave models are very sensitive to 
the wind input, it is very important to remove as many of the sources of error as possible 
from the data. 

Wind observations from COADS may be either anemometer measurements or 
estimated by an observer, either from the state of the sea, or from the effect of the wind 
upon the ship (or the observer). There is no way to determine which method of 
estimation was used for a report. In order to carry out an accurate wave hindcast the 
surface winds must be adjusted to provide a consistent set of values. The following 
paragraphs briefly describe the corrections applied to both measurements and estimates 
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to arrive at a consistent wind field. The method is described in detail by Cardone et al. 
(1990). 

Wind speed reports based on Beaufort estimates are adjusted to 20 m using the 
Beaufort equivalent scale developed by Cardone (1969). This scale was derived from 
paired estimates from British and Canadian weather ships in the open ocean, and related 
the Beaufort number to a 20m Ievel. The official WMO (1946) scale relates to 10m Ievel 
winds, while Kaufeld's ( 1981) scale presumably relates to the 25 m Ievel, the average 
height of the shipboard anemometers in bis study; no reference Ievel is specified for the 
WMO (1970) scientific scale. Cardone's and Kaufeld's scales diverge at Beaufort 12, 
likely due to the limited sample in Cardone's study at that wind speed class (9 
occurrences). Otherwise, for neutral stability, the differences between Cardone's and 
Kaufeld's estimates due to reference Ievel is about 3%. The Cardone scale (and the other 
newer scales) show that the operational WMO scale under light winds and over estimates 
strong winds. To correct, the reported wind speed, presumably derived from the 
operational scale, is related to the.Beaufort force number. This is converted to a 20m 
wind speed using Cardone's scale. No further correction is made for stratification, since 
the Beaufort estimates already incorporate this effect. The Cardone conversions fit the 
form: 

where Ur is the reported wind speed in knots. The method assumes that the estimate is 
made from the state of-the-sea rather than the apparent wind, which may or may not be 
true. 

Dobson (1981) suggests that measured wind speeds from ships not be adjusted 
for height differences unless corrections are made at the same time for flow distortion 
effects. Since it is virtually impossible in practice to know even the sign of the flow 
distortion, Iet alone the magnitude, such a correction is never carried out except in limited 
experimental studies using calibrated ships. Nevertheless, the most commonly used 
techniques for adjustment of measured winds do incorporate some form of height 
adjustment. In this application, all wind measurements are adjusted for height and 
stability to the so called "effective neutral wind" at 20 m elevation, defined by Cardone 
(1969) as: 

U,(Z) = (U. I k)log[Z I Z0(U,)] (l) 

where U, is the friction velocity, k is the von Karman constant, andZ0 is a roughness 
parameter. If the marine surface layer is neutrally stratified, the effective and actual 20 m 
wind speeds are the same. For non-neutral stratification, U, is related to the actual wind 

through U,. U. is first calculated from the measured wind speed and air-sea temperature 

difference; then U,, is calculated from (I), using anemometer heights determined from the 
WMO ship Iist where possible. However, many observations do not contain the call 
sign, or the anemometer height is not available for the reported call sign. In those cases 
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the anemometer height is assumed to be 20 m, close to the 19.3 m average height found by 
Cardone et al. (1990) based on nearly 3000 ships. In recent years the average anemometer 
height on Canadian cooperating vessels has risen to nearly 30 m, while buoys and drilling 
vessels provide measurements at about 5 m and 100m respectively. Considerable efforts 
are made to identify data from such sources which depart significantly from the mean 
anemometer height. One further adjustment is made to Canadian buoy data, to account 
for the fact that those measurements are 1 0-min. vector averages, while all other 
measurements are scalar values. The effect may be as much as 7-12% for higher wind 
speeds. The approach is based on a linear analysis of the 8-sec gust speed reported by the 
buoy to the I 0-min mean wind speed. 

Figures l(a-d) show the results of Cardone et al. (1990) in applying these 
techniques for the South China Sea. The measured winds as observed are significantly 
higher than the uncorrected estimated winds for speeds up to 15m/s. This tendency 
became more pronounced when the measured winds alone were corrected; when the 
estimated winds alone were corrected using Cardone's revised scale, there was an 
overcompensation, and the estimated winds were higher. Only when both the estimated 
and measured winds were corrected as described above did the wind speeds match 
reasonably weil. 

1t can be seen from Figures 2 and 3 that, when wave hindcasts are run with winds 
adjusted according to the procedures described above, the results are very accurate, 
implying that the wind fields are temporally and spatially consistent. Figure 4 shows that 
when these wind adjustments are applied (Run 4), the results are considerably improved 
for all wave height classes than when observed winds are assimilated uncorrected into 
NWP model runs. 1t should be recognized however that many problems may still exist 
with individual wind observations, including observer errors, instrument calibration, flow 
distortion effects, improper averaging intervals, uncertainties in atmospheric stability, 
unknown true anemometer height. Cardone et al. ( 1990) point out that such sources are 
apt to introduce random errors which are likely to average out if sufficient data are 
available. However, the Beaufort equivalency scale introduces systematic errors. Because 
it is biased low at low wind speeds and high at high winds speeds it alters pattems as weil 
as overall amplitudes. 

Correlation Analyses 

The blending of wind observations into an analysis field requires information on 
the shape of the spatial auto correlation function for each data source, and the intrinsic 
noise Ievel of each data source. The slope of the decay of wind speed correlation with 
distance provides information on the structure of the wind field and the quality of the 
data - the magnitude of the correlation coefficient in minimum separation classes gives an 
indication of the noise in the observation method. By itself, spatial correlation cannot 
distinguish "true" noise (i.e. from sensors, flow distortion, etc.) from small-scale wind 
variability, and it yields no information about the accuracy of a wind observation 
technique. When applied to a number of different observing techniques, spatial 
correlation analysis provides useful information without the problern of which method 
should be considered the independent variable. Brown and Swail (1988) applied spatial 
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correlation analysis techniques to investigate the structure and noise Ievels of marine wind 
observations off the east coast of Canada for measured and estimated ship winds, as weil 
as winds from drilling platforrns winds, satellite and buoys. In the analysis, pairs were 
constructed of all possible combinations of wind speeds observations at the same report 
time, randomly reversed to ensure no geographic bias, and the great circle distance 
between them calculated. Separation classes for both coarse scale ( 100 km) and fine scale 
(10 km) were considered. 

The correlation results are shown in Table 1. Formost distance classes, measured 
ships have higher correlation's than estimated ships. The drilling platforrn winds show 
much higher correlation's than the measured ship winds. There are several likely 
exp1anations for this: (I) 8-10 platforms accounted for most of the drilling platforrn 
comparisons; (2) the platforrns are mostly structurally similar, i.e. semi-submersibles 
with anemometers mounted on top of the derricks, (3) the range in anemometer heights is 
not !arge, ( 4) since the platforrns are not moving, no errors are introduced in computing 
the true wind from the relative wind. As would be expected, correlation's of wind data 
from satellite scatterometer were very high. Microwave radiometer coefficients were 
significantly less than the scatterometer values; this is likely attributable to data problems 
with the SMMR instrument. Decreases in correlation of estimated winds at night (0.52) 
were consistent with similar decreases found by Laing (1985) for waves; measured winds 
were not greatly affected at night, except for increased variability. 
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Table 1: Summary of.Minimum separationdass values for r5 ,, as a function of observing 

method. 
Method r5(0-IO km) r5(0- 100 km) 

SEASAT -A Scatterometer - 0.93 

Bouy 0.90* 0.8!+ 

Drilling Platforms 0.84 0.85 

NIMBUS-7 RADIOMETER (SSMR) - 0.79 

Ship (measured) 0.65 0.69 

Ship ( estimated) 0.66 0.64 

Ship wind-wave (Laing, 1985) - 0.43t 

* refers to separation of 40 km; :j: refers to Separation of I 10 km; t refers to separation dass 
0-74 km. 
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Figure 1: Comparison of monthly mean wind from (a) estimated and ship winds as 
reported, (b) adjusted estimated winds and reported measured winds, (c) reported 
estimated winds and adjusted measured winds, (d) both estimated and mcasured winds 
adjusted. Mean difference and ratio of points below the line to total points arc given. 
(after Cardone et al., 1990) 
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Figure 2: 3-G hindcast from kinematic winds, and measured HS at buoys north (a) and 
south (b) ofthe cyclone track in SWADE IOP-1. (after Cardone and Swail, 1994) 
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Figure 3: Wave Hindcast at buoy 41002 using adjusted wind fields in the Storm of the 
Century, March 11-18, 1993 
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Figure 4: Wave height error statistics by percentile for adjusted wind speeds (solid line) 
versus model winds (dashed lines) compared to buoy observations in the northwest 
Atlantic ocean. 
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Abstract 

Randomly selected periods of COADS archivewind data in U.S. Mid-Atlantic 2° 
square summary areas are a basis for estimates of wind variability between decades of 
wind summary periods. Similar treatment of coastal observations provide estimates of 
decades variability which is compared with the COADS summaries variability. The 
variability is expressed in terrns of speed and direction components of the wind as vector 
parameters. Spatial variability is also examined to deterrnine the representativeness of 2° 
COADS spatial summaries in coastal gradients of wind variation. The representativeness 
of decade COADS summaries, to define intra-regional scales of climate variability, is 
tested by comparing observed change with change expected from theoretical boundary 
layer processes. Periods of northern hemisphere air temperature variation are used as 
indicators of climate variability and these periods are used to evaluate the resolution of 
such variability with COADS wind data. Wind constancy computed from COADS wind 
summaries is used to evaluate possible lang period changes of wind over the N orth 
Atlantic. 

Introduction 

The coastal zones are known to be areas with !arge spatial changes because of 
physical differences between land and water surfaces that affect the atmosphere boundary 
layer. The temporal changes are related, in the short terrn, to boundary layer adjustment 
from contrasting land and water surfaces and, over Ionger periods, to responses of the 
coastal zone to influences of air-sea interaction and meteorological regimes. Theseregimes 
might include wind direction or speed changes and atmospheric circulation with different 
meteorology. 
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Wind forces are important parameters of environmental change in the coastal zone 
where marine circulation in shallow water may be controlled by wind effects. Wind forced 
circulation influences coastal navigation, fisheries productivity, and water quality of 
coastal embayments .. Therefore understanding wind variation along coastal regions and 
trends which may obscure optimum coastal resource management are topics to be served 
by data archives. This paper will evaluate how 2° square area summaries of wind data in 
COADS serves coastal analyses in the mid-Atlantic region of the United States (Figure I). 
The evaluation is offered as an example of COADS use to define climate related change in 
any coastal region. 

Windchange and comparison ofwind records is based on the treatrnent ofwind as 
vector quantities. Wind vector comparisons betwcen 1ocations (spatia1 changes) and 
between decade and long-term means (temporal changes) are quantified by their direction 
and speed differences through a Ieast-squares procedure (Godshall et al., 1976; Figure 2). 
The comparison results are estimates of direction and speed adjustments which could be 
applied to one of data sets to make the wind similar to the basis of comparison, i e. the 
long-tem mean or the basic station, Boston, MA. When these direction (phi) and speed 
(nu) adjustment factors are mapped they provide a measure of the spatial variability of 
the wind and when these factors are compressed between different decades, temporal 
variations are quantified. These factors from the vector comparisons are computed as if 
no correlation between changes of speed and direction exist. Any climate variation with 
feed-back effects on wind is assumed to envelope the whole study area but physical 
differences in each 2 study area are assumed to produce a local orientation to any wind 
regime over the area. 

The temporal variability in each COADS 2° square are based on decade summaries 
of wind data compared to long-term monthly averaged data from the period 1900 to 1989. 
Although the use of decade summary periods for wind circulation analysis is empirical, 
decade summaries by Budyko(l977) have shown wind circulation and Godshall et al. 
(1991) have defined change in U.S. coastal regions from decade summaries. In this paper, 
the statistical significance of temporal change from decade wind summary is based on 
comparison of summary results with wind Variations from ten-year data groups of 
randomly selected dates. 

Spatial changes of decade summarized COADS 2 winds are quantified by change 
relative to Boston, MA an observation station located northwestward and up-wind of the 
study area. Observed spatial changes are related to expected changes in the atmospheric 
boundary layer from ocean surface temperature variations and surface-drag characteristics. 
The significance of these changes is based on geographic distribution of wind summaries 
characteristics relative to the geographic distribution of surface changes. 

Spatial Changes 

COADS 2° square wind summaries for each month were computed from derived 
U (eastlwest) and V (north/south) wind components (NOAA, 1985). We mapped long
term means from these resultant wind data over the period 1900 to 1992 and these 
resultant U and V components are the basis for winter (average of COADS data from 
January, February and March) wind direction and speed (Figures 3a, b). The distribution 
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of winter wind is produced from the broad-scale pressure distribution over the weslern 
Atlantic. The area ofthe subtropical anticyclone (the Bermuda High) and the area oflow 
pressure over the north Atlantic (the leeland Low) are the primary features of the 
pressure distribution. These wind maps also show the average wind speed and direction 
of winter season wind at Boston, MA, Providence, RI New York, NY, Baltimore, MD, 
and Norfolk, VA. Visual comparison of the wind from these on-land stations with the 
wind characteristics offsbare from COADS indicates the wind characteristics are similar 
over the whole mid-Atlantic region. Therefore, spatial changes of wind within the region 
are interpreted tobe caused by local influences. 

Over the mid Atlantic region, the COADS winter wind data are compared with 
Boston winter winds within decade periods. Figures 4a, b, c, and d show the regional
scale spatial change of wind, measured by the phi and nu factors, during the decades from 
1950 through 1990. All these decade summaries of COADS winds show the same generat 
spatia1 distribution of change which we attribute to atmospheric boundary layer changes. 
The mean position ofthe winter season Gulf Stream (NOAA, 1975-1992) is within the 
area of negative or low positive magnitude phi factors. The relationship between Gulf 
Stream and these phi values is interpreted to indicate areas where the atmospheric 
boundary layer vertical mixing is forced by surface heating. Vertical mixing brings the 
influence of upper-level winds to the surface which is expected to cause cyclonic 
(counter-clockwise) tuming of surface wind fields in the mid-Atlantic region (U.S. Navy, 
1958). Nu factors increase in these same areas with relatively low phi factors which 
indicate the winter winds increase relative to wind in areas westward and north of Gulf 
Stream influence. The local increases in wind speed are expected from the vertical 
exchange of momentum in air from aloft with the air near the surface. These effects from 
relatively warm surface water temperatures which are shown over decades are also shown 
by Figures 3a, b the Iang-term mean directions and speed 

Temporal Changes 

Temporal variability of decade averaged-wind at each station or COADS summary 
area is the basis used for climate variability description. The temporal variation is 
measured by the relative change of each decade from the Iang-term mean conditions at !hat 
same station or area Estimates of significance of these changes are based on expectation 
that multiple data samples, such as numerous decades, will have statistical quantities, 
means and standard deviations, which will vary from data set to data set. Foreach station 
and COADS summary area we produced multiple ten-year data sets by randomly 
selecting the data years to be included in each set. The frequency distributions of 30 ten
year periodswind factors from Boston, from a 2° summary area centered at 39°N, 71 °W 
are shown in Table 1. Table 2 lists the nu and phi factors computed from the decades of 
data (1950-1959, 1960-1969, etc.). The significance ofthe decade nu and phi arejudged 
relative to the distribution of these factors frequency distributions. For example, the 
Boston winter change in wind direction relative to the Iang-term mean, given as phi, is 
6.7883° in the decade 1960-1969. From Table 1 we see that a phioftbis magnitude is 
expected from 1ess than 5.0 percent of ten-year periods. Therefore, the change in this 
decade averaged wind at Boston is significant at a confidence Ievel better than 95 percent. 
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The phi factors from the COADS 2° square area decades 1920-29 and 1970-79 and the nu 
from the decades 1900-09 and 1920-29 are significantly different from expected factors at 
the 95 percent confidence Ievel. However, the Iack of association of these wind changes 
with another changing parameter of climate, such as air temperatures (Figure 5), reduces 
the physical significance ofthese COADS indicated changes. 

The decade summary for wind analysis was tested by computing nu and phi 
factors from the multiple data sets (set sizes 5, 10, 15, 20, 25, 30,35 and 40) ofrandomly 
chosen dates from the Boston data record 1949-1992 (NOAA, 1949-1992) and from the 
data records 1900-1992 from the COADS summary area centered at 39°N, 71 °W. The 
standard deviation of nu and phi factors from these data sets are graphed with data sets 
sizes in Figures 6a, b. As expected, these examples show the magnitude of standard 
deviation of nu and phi changes Iittle when !arge sets are increased by the magnitude of 
standard deviation changes significantly when small data sets are increased. We recognize 
the convergence of standard deviations to constant value as the random set size 
approaches the data record size but we hope the principle expectation for a consistent 
statistic from !arge data sets is demonstrated. We fit an empirical function with power of 
data-set-size as independent variable and factor standard-deviation the dependent 
variable. The magnitude is decreasing through the decade size data set. Therefore, the 
decade size data set is not quite !arge enough to provide a stable statistic but relatively 
consistent statistical measure is expected from data sets of ab out 20-30 years. The data 
records are not very long from on-land observation stations and data sets !arger than 
decade would prevent interpretation of temporal change. However since the decade 
summaries are known to be effective for analysis of climate, we have elected to use these 
summaries also even though variation from one period to another may be increased by 
this choice. 

Climate is a condition resulting from many environmental variables but, 
considering climate change to be a change in any of the variables, changes of air 
temperature are indicators of climate change. The periods oftemperature changes at New 
Haven, CT (Figure 5) are used here to indicate periods of change in the mid-Atlantic 
region. Decade summaries of wind data from island stations (Table 3) indicate a 
northward wind shift, relative to long-period average wind conditions during the period of 
cool air temperatures, roughly 1945 to 1970. However, none of the COADS 2° square 
decade summafies show these same periodic changes in wind. 

The COADS Summaries 

The COADS wind data summaries for each summary area were produced with 
quality control which prevented data values of a magnitude greater than 3.5 standard 
deviations(3.5 sigma) from entering the summaries (NOAA, 1993). Review of these 
"standard" summaries revealed the possibility of storm-wind exclusion from the 
summaries and, during the period 1980-1992, "enhanced" wind data summaries were 
produced that allowed 4.5 sigma wind magnitudes into the summaries. Quantitative 
comparison of the "standard" and the "enhanced" winter summaries in the 2° square areas 
in the mid-Atlantic region (Table 4) indicate little difference between these summaries 
results from the different quality controls. However, the Nu factors less than 1.0 indicate 
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the enhanced summaries generally have lower speeds than the standard summaries. This 
suggests the summarization processes allowed low speed winds into the enhanced 
summaries, however all the COADS standard and the enhanced sets were positively 
skewed relative to normal distribution. 

Wind Constancy 

In Figure Sb the long-term mean COADS wind speeds generally decrease 
northward of 50°N, , these northward Atlantic regions are known to be regions of 
frequent storms and high wind speeds. The relatively low wind speeds on this map are 
probably the effect of resultant wind computation in regions were the wind constancy is 
low (Figure 7). A map ofwind factors for speed (nu values) computed from COADS zo 
square area wind camparisans with Boston, MA (Figure 8) suggests the spatial 
distribution ofnu values is similar to constancy. Thesewinter wind speed factors and the 
wind constancy percentages are compared in Figure 9. The functional relationship 
between the factors and constancy in the Irade wind zone is evidently different in the 
westerly wind regime that encompasses Boston. The mapped distribution of phi factors 
extend the geographic regions shown on Figures 4a-d is extended across the Atlantic in 
Figure 10. This map of factors simply illustrates the changes of wind regimes across the 
Atlantic. 

We discovered no significant change in wind constancy from decade to decade 
based on the 2° square winter months COADS summaries (Figure 11 ). 

Summary and Conclusions 

The vector wind comparison computations from COADS produced estimates of 
differences between decade summaries of wind and long-term means. In an attempt to 
assess the utility ofCOADS zo area wind summaries in climate analysis of coastal regions 
we defined periods of climate variation in the mid-Atlantic regions from air temperature 
changes. Camparisan of the wind variation from island stations and the COADS 
summaries with these periods of temperature change indicates that singly, COADS zo 
area summaries are poor sources of data to evaluate climate variability from decade to 
decade. However, changes over groups of2° areas provide information about climate. 

The relatively low mean wind speeds mapped in zo square areas north of 50° are 
suspected to be a product of summarization processes. These latitudes are associated 
with stormy conditions and high wind speeds but these conditions are not weil defined by 
computation of resultant wind vectors. Wind comparison factors computed from Boston 
appear tobe closely related to wind constancy. 

The comparison factors from Boston depict regional scales of change in air-sea 
interaction and the factors from the mid-Atlantic region appear to be part of the broad
scale distribution of factors of the North Atlantic. 

Computation of enhanced COADS summaries probably does not provide 
unbiased summaries which include storm wind because of the inclusion of very low wind 
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speeds in the summaries. Perhaps special summaries which only contain the infrequent 
but important high wind data are necessary. 
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Table 1: Distribution of Nu and Phi Factors from Multiple (n=30) Decade Data Sets of 
Random Dates 

Nu Phi 

Boston MA 

1st Quarter 0.964 -6.035° 

median 1.000 -2.623° 

3rd Quarter 1.018 0.605° 

95 percent 1.037 4.350° 

COADS 2° area centered 39° N, 71 °W Nu Phi 

Ist Quarter 0.920 -2.457" 

median 0.970 0.631° 

3rd Quarter 1.074 7.119° 

95 percent 1.172 12.204° 
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Table 2: Nu and Phi Wind Factors for Decades of Wind Data 

Nu Phi 

Boaston,MA 

(1950-59) 1.0433 5.429° 

(1960-69) 1.0545 6.788° 

(1970-79) 1.0026 -7.790° 

(1980-89) 0.9437 0.604° 

COADS 2° area centered 39° N, 71 °W 

(1900-1909) 1.196I 1.0260° 

(191 0- I 9 I 9) 0.8066 2.2772° 

(1920- I 929) 0.6965 -7.6314° 

(1930-1939) 0.8968 10.7698° 

(1940-1949) 1.1378 7.0156° 

(1950-1959) 1.0178 -0.5424° 

(1960-1969) 0.9848 -1.3274° 

( 1970-1979) 1.0700 -10.7744° 

(1980-1989) 1.0253 8.747r 
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Table 3: Decade summaries of wind data from Islands in the Mid-Atlantic compared to 
long-period average wind. 

Nu Phi 

N an tucket Island 

(1900-1909) 1.51 -4.41° 

(1910-1919) 1.40 -13.17° 

( 1920-1929) 1.65 -20.45° 

(1930-1939) 1.29 -18.55° 

(1940-1949) 1.08 -2.03 ° 

( 1950-1959) 0.52 19.18° 

(1960-1969) 0.61 14.60° 

( 1970-1979) 0.61 9.05° 

(1980-1989) 0.59 35.26° 

Block Island 

( 1900-1909) 1.27 -5.28° 

(191 0-1919) 1.15 -6.36° 

( 1920-1929) 1.32 -15.48° 

(1930-1939) 1.11 -20.24° 

(1940-1949) 1.15 1.38° 

( 1950-1959) 0.91 12.62 ° 
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Table 4: Comparison of Standard and Enhanced COADS Wind Summaries for Winter 

Location of 2° Summaries Nu 1 Phi 

3rN. 73°W 0.998 0.791° 

3rN,71°W 1.000 0.378° 

37°N, 69°W 0.981 0.221° 

39°N, 73°W 1.004 0.803° 

39°N,71°W 0.962 -1.527° 

39°N, 69°W 1.004 1.811 ° 

41°N,73°W 0.969 1.248° 

41°N,71°W 1.006 0.531° 

41 °N, 69°W 0.908 0.531° 

1Wind comparison factors are applied to 
Standard summaries. 
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Figure 1: Geography ofmiddle Atlantic 35-43N and 68-78W. 
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Figure 2: Wind Vector Differences and Ratio 
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Figure 3a: Winter Wind Direction from COADS 2 o Summaries (1900-1992). 
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Figure 4a: Comparison of phi and nu between selected 2 o square and Boston, MA 
(1950-59). 
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Figure 4b: Comparison of phi and nu between selected 2 o square and Boston, MA 
(1960-69). 
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Figure 4c: Comparison of phi and nu between selected 2 o square and Boston, MA (1970-
79). 
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Figure 4d: Comparison of phi and nu between selected 2 o square and Boston, MA 
(1980-89). 
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Figure 5: Air temperature at New Haven, CT with longitudinal average air temperature 
anomaly from the latitude band of the mic-Atlantic rregion (from Ingham, 1982, and 
Hansen and Lebedeff, 1987). 
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Figure 6a Standard deviation of winter nu and phi factors from multiple (n=20) data sets 
from randomly selected dates. 
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Figure 6b Standard deviation of winter nu and phi factors from multiple (n=30) data 
sets from randomly selected dates. 
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Figure 7: Wind Constancy. 
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Figure 8: Comparison of Wind Direction between the Atlantic 2 o squares and Boston, 
MA. 
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Figure 9: Wind constancy and wind factors from winter COADS summaries in the 
North Atlantic. 
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Figure 11: Winter wind constancy in the North Atlantic by decade. 
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Wind Speed Discontinuity Related to Beaufort Wind Observations and 
Its Influences on Latent Heat Flux 
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The global oceans are the main energy source for our climate system. The oceans 
can absorb 65PW of direct solar radiation and I 08PW of downward thermal radiation, 
two times more than the total absorbed by the atmosphere and land surfaces (Wood, 
1984). The oceans redistribute the received energy through oceanic currents, and finally 
hand it over to the atmosphere in the forms of latent heat and sensible heat. The global 
oceans are more important than the continents in the hydrological cycle in the climate 
system. The oceans contribute 87% to the total world water budget which is about 
577,000 km3fyr, while the continents only 13% (Korzoun et al., 1977). Proper estimates 
of the energy fluxes and water vapor entering the atmosphere from the oceans are 
essential for modeling the climate and its variations. Great efforts have been made for 
quite a long time to achieve such estimates (e.g., Budyko, 1963; Esbensen and Kushnir, 
1981; Hsiung, 1986), but the problems still exist. One example is given in Figure I which 
is the time series of latent heat anomalies calculated using the COADS (Woodruff et al., 
1987) for four tropical regions for the period of 1949-1990. The statistics and the 
significance test are given in table I. The positive trends obtained using the least square 
method are indicated by the dashed lines in the figure, and range from 17 Wm-2 in the 
eastem tropical Pacific (ETP) to 31 in wm-2 the Western tropical Pacific (WTP) during 
the 42-year period, all above the 95% significance Ievel. Are these trends a real signal of 
climate change? The following discussion about the inhomogeneaus wind observations 
and their influence on the latent heat flux may give us some clue to the answer. 

Discontinuity of the Wind Observation 

Some Japanese whaling ship data, which covered some data-sparse areas close to 
Antarctic region in COADS, were processed recently. The wind speed was recorded in 
Beaufort scale, providing therefore a relative uniform dara set from one country using one 
method. The whaling ships usually passed the Australian coast and went to the area 
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south of 50°S in the South Pacific before 1961, but afterward went through South China 
sea and entered the southern Indian Ocean during 1962-66. An examp1e of ship track is 
shown in Figure 2a. The wind measured by wha1ing ship from 1949 to 1961 in the region 
50°-80°S, 120°E-80°W is p1otted in Figure 2b; the COADS wind is shown in Figure 
2c for the same region. During this period the wha1ing ships went to South Pacific. It is 
also during this period that the COADS winds alt over the global oceans showed !arge 
positive trends (Wu and Newell, 1992). The dashed lines in figure 2b are the trends 
obtained by least square method. It is obvious that the wind trend in the whaling ship 
data is much smaller (0.16 ms-lfl3yrs) than that in COADS (2-26 ms-lfl3yrs). 

The wind trend in COADS has been noticed by many researchers (e.g., Ramage, 
1987; Cardone et al., 1990; Isemer and Hasse, 1991). Two factors were suggested tobe 
the main contributors to the trend. One is the transfer of Beaufort wind observation to 
anemometer measurement, and the other the change of the ship size. Correcting the 
spurious trend needs much more work than locating its sources. Quantitative correction is 
needed, but is extremely difficult to get. It is almost unrea1istic to correct the wind speed 
based on individual ships. It is not easy to find ships which conducted both scale wind 
observations and anemometer measurements to get hard numbers for the correction. The 
ship Observations were usually not made in the same time and environment as that on 
nearby islands or buoys, which makes their intercomparison difficult considering the fact 
that the wind is the most variable component in the climate system. 

Some land station data, however, may provide useful information for such 
correction. Most Chinese weather stations recorded the wind speed in Beaufort scale 
based on an instrument called wind-pressure plate, or on the states of smoke, dust, flag, 
trees etc., when wind-pressure plate was not available before late 1960s; and early 1970s. 
The instrumentwas very similar to the wind-force indicator in Hook's instruments, which 
was invented by Wild in about 1861 and used first by the British Royal Society (Khrgian, 
1959). The Beaufort scale number on the wind-pressure plate was calibrated in wind 
tunnel according to WMO code 1100. The instrument was rep1aced by the standard cup 
anemometer around 1970. Most Chinese stations were established in early 1950s. There 
are 15-20 years of Beaufort wind observations and 20-25 years of anemometer 
measurements, which could be very useful to derive the quantitative correction needed in 
the COADS wind data. The cup anemometer was mounted at the same place as for the 
wind-pressure plate. The environment and observation schedule were also same as before. 
The systematic differences of the wind speed before and after were not likely caused by 
the natural variations. The way to get Beaufort scale number on the ship is different from 
that at Chinese land station, but both methods were calibrated by the WMO code 1100. 
They should reflect each other. 

Parallel comparison of the wind speed measured by standard cup anemometer 
with that from wind-pressure plate has been done in many Chinese stations in the 
process of transfer. Unfortunately the data were not weil collected and not too many 
survived. Table 2 is such comparison at 7 stations conducted at the time ofthe instrument 
changes. The wind-pressure plate was replaced by anemometer around the end of 1971. 
Colunm 2 is the wind speed converted using WMO 1100 from Beaufort scale obtained by 
wind-pressure plate, and co1umn 3 the wind speed measured by cup anemometer 
simultaneously. The wind speed in these stations ranged from 4 to 12 ms-1, corresponding 
to the Beaufort scale 4 to 6. The anemometer wind speed exceeded Beaufort wind speed 
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at all stations, 17% on average. At Tomabo station, the anemometerwind speedwas 27% 
higher than the Beaufort wind speed, but only 1% at Zanjan Station. The ratio increased 
with the height of station. 

The annual mean wind speed also showed similar changes. Table 3 gives the 
yearly averaged wind speed for I 0 stations. The times of replacement of wind-pressure 
plate are shown by the underlined numbers. The wind speed increased at 8 stations after 
the replacement. The first five stations were Iocated at high altitude, and all showed higher 
wind speed after the replacement. The other five stations were at Iow altitude near coast; 
three of them with weak wind speed showed 7 - 17% increase, but the two with relative 
strong wind speed showed 3 - 9% decrease. The t-test showed that the increases at four 
stations are above 95% significance Ievel. 

At high wind speed, however, the relationship is reversed. Table 4 is also the 

parallel comparison at 3 stations, but for strong wind (wind speed > 16ms·l ). The 
anemometer wind speed was much Iower than Beaufort wind speed. The difference 

increased with the increasing of wind speed. It reached 1 0 ms·l or more at Beaufort wind 

speed 34 ms·l. The drop of the number of strang-wind days (wind speed > 16ms·l) also 
reflected such tendency (Table 5). After the change from Beaufort wind observation to 
anemometer measurement, the number of strang-wind days were 16 - 90% Iess than 
before except at station Tia which showed only I% decrease. At station Ron, the average 
of strong wind days was 27 days during the 7-year period before, but dropped to 3 days 
during the 11-year period after 1968 when the Beaufort windobservationwas abandoned. 
Statistics showed that the changes at 4 stations are above 95% significance Ievel. 

Being consistent with the results of the Commission for Maritime Meteorology 
WMO in 1960 (CMM-IV, WMO, 1970), the above land Observation data also show the 
feature that the Beaufort wind Observations underestimate wind speed in low wind cases 
and overestimate wind speed in the strong wind cases. However, there are two points 
which deserve attention: one is that the difference between the Beaufort wind observation 
and the anemometer measurement increased with height, and the other is that the 
underestimate of strong wind was much !arger than what CMM-IV showed. 

The first point is related to the air density. Beaufort wind observation is based on 
the wind force F exerted on some object, which equals to 

F= cpsv2 (I) 

where p is the density of air, s the area of the subject perpendicular to the wind direction, 
v the wind speed and c the proportional coefficient. Density p is a function of 
temperature, pressure and water vapor, and could be 15% higher over the aceans in high 
latitudes than that over the tropical warm ocean areas, corresponding to a wind difference 
of 7% with higher wind speed in tropical regions. The Beaufort scale equivalent wind of 
WMO 1100 was originally determined by the observations on the British island of St. 
Mary's (Scilly) which is located near 50°N. This equivalent wind scale would 
underestimate the wind speed in the warm, moist regions and overestimate in the cold, 
dry regions. Lin and Le (1975) deduced a correction coefficient, r, 

r = 1.622~T I (P -0.378e) (2) 
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where T, P and e are temperature, pressure and water vapor pressure respectively, to 
determine the anemometer wind speed corresponding to the Beaufort wind speed based 
on WMO 1100 in various conditions. This coefficient is listed along with the observed 
ratio between two wind speeds in the column 5 and 4 in table 2. They fit each other 
closely. 

As to the second point, it is probably related the observation error of gusty wind. 
This is schematically shown in Figure 3. Strang wind is always gusty, but the calibration 
ofwind pressure plate is conducted in steady flow. The wind force F2 exerts a torque on 
plate to balance the torque caused by F1 which is related to the gravity force mg. The 
torque of wind is 

r = 0.5cpv2R2 cos2 a (3) 

where p, R, and a are the line-density, the length and the angle ofthe plate. Assuming 
that the plate would be in position A at steady wind v0 , say 20 ms-1, and that the wind is 
gusty and suddenly increases to this speed from v', say 17 ms-1, when the plate is at 
position B with angle ß( < a), the wind force and its torque exerted on the plate would be 
!arger than that needed for the plate to stay at position A, and the plate would reach the 
position higher than A. The excess of the gusty wind torque is inversely proportional to 
the initialwind speed v', and could be expressed in the form 

!'!. r = cos2 ß I cos2 a. (4) 

where a. is the calibrated angle for wind speed V.. ß can be determined by v' using 

sinß = {-A. lv'' + ~(A. /v'2
)

2 + 4} I 2 (5) 

A. = v?- cos2 a. I sina .. (6) 

Table 6 listed a sample calculation for v.= 20ms-I and a. = 45°. It shows that a 20 to 
30% overestimate of torque in gusty winds is quite possible by Beaufort wind 
observation. 

This principle should work to the surface wind waves in the ocean. The wind 
energy Iransmitted to the surface wind wave can be expressed in the form (Titov, 1969) 

Nw = Ah(w-c)2 (7) 

where A is a constant, h the wave height, w the wind speed and c the wind wave speed. 
This form is similar to (1). The gusty wind could give the observer an impression of 
higher Beaufort scale. But the magnitude of the overestimate would be much smaller 
because of the !arge inertia of the surface wave. This could be one of the reasons for the 
overestimate of wind speed at high Beaufort scales. 
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Influence of the wind trend on the latent heat llux 

Wind is the major factor controlling the evaporation at ocean surface. The wind 
trendwas shown globally (Wu and Newell, 1992), and needed tobe considered in the 
calculations of latent heat flux. The wind speed obtained by Beaufort wind observation 
was transferred back to its Beaufort scale using WMO II 00, then transferred to CMM
IV equivalence, a better code than WMO 1100 (WMO,I970). Since most ships were 
high er than I 0 meters, the height required by bulk equation, the anemometer wind speed 
was subjected evaporation to the height adjustment using the equations (Smith, 1980; Wu, 
1980) 

uz 1 z -=-ln-
u. 1C Zo 

z. 
-=a u; 
g 

(8) 

(9) 

Where U, is the wind speed in height z, u, the friction velocity, K: the von Karman 

constant and z. the roughness length. The a in (9) is a constant and equals 0.00185. The 
ship height has assumed to be 20 meters (Cardone et al., 1990). The Newton iterative 
method was used along with the measured wind to find z., then calculate the wind speed 

at I 0 meters. The ratio of Beaufon wind observations to anemometer measurements from 
Rarnage ( 1987). 

The latent heat flux was calculated using bulk equation except in the light wind 
condition over warm ocean surface where the Stelling formula was used (Brutsaert, 1982). 
the transfer coefficient from Large and Pond (1982) was used form neutral conditions, and 
adjusted for other conditions following the ratios of Isemer and Hasse (1991 ). 

The evaporation in light wind over warm pool region needs to be considered with 
extra caution. The bulk equation is base on the formula of evaporation 

oq 
E =-pk-

z zaz (10) 

where E, is the water vapor flux in the z-direction and o q I o z the vertical gradient of the 

specific humidity. k, is the eddy diffusivity for water vapor, and is determined by the 
vertical wind profile on the proposition that the eddy diffusivity for the water vapor is 
the same as that for momentum. Assuming the vertical wind profile near the surface 
follows the logarithmic distribution, the above formula can be expressed in the form 

(II) 

216 



(12) 

where K is the von Karman's constant. The bulk equation is the specific case of this form 
when u 1 equals zero. The vertical transport of water vapor related to buoyancy is not 
included in the bulk equation, and therefore there would be no evaporation if there is no 
wind. In the warm pool region, where the wind speed is the lowest and the surface 
temperature the highest over the global ocean, the buoyancy effect should not be 
neglected. 

The latent heat fluxes measured in the tropical west Pacific at zero wind speed is 

25 Wm-2 (Bradley et al., 1991). Newell et al. (1978) and Newell (1979, 1986) proposed 
that net heat flux should be close to zero when the SST reaches its Iimit of 30°C because 
of the buffering of the evaporation. U sing the experiment data measured from the ship 
RIV Frank I in, Godfrey and Ländstrom ( 1989) have shown that the net heat flux is near 
zero at the sea surface near New Guinea. The ocean mixing and advection processes in the 
westem equatorial Pacific are too weak to carry away heat flux more than 10 Wm-2. The 
current results are from 20 to 100 wm-2 (Esbensen and Kushnir, 1981; Reed, 1985). A 
fine adjustment of latent heat in low wind speed over the tropical ocean surface does 
matter to the ECMWF model forecast (Miller et al., 1992). A new parameterization of 

evaporation, which raises the latent heat flux from zero to about 25 wm-2 at calm weather 
condition, can greatly improve the model simulation, including the rainfall distribution, 
monsoon circulation et al. 

Stelling first formulated an equation in 1882 to include the zero wind evaporation 
(Brutsaert, 1982) 

E = A, + B,u(e; -e.). (13) 

where A, = 0.0702 and B, = 0.00319. E is the evaporation in mm/(2 hrs), u the wind 
speed in kmlhr at 7.5 m above the surface, and e the water vapor pressure in mm Hg. This 
formula is still widely used in engineering with various coefficients of A, and B,. 

Stelling formula was used to calculate the latent heat flux in the light wind (u < 
3ms-1) and warm SST (<:: 28.5°C) conditions. But the coefficients need tobe determined 
since the original ones were only suitable for the continent region at high latitude. The 
averaged values of q,- qa, and T,- T,, in the light wind and warm SST circumstances are 
6.75 g!kg and 2.23°C according to the COADS. Assuming that the bulk equation is valid 
for the wind speed of 3 ms-1 and above, and that the latent heat flux is 25Wm-2 at zero 
wind speed, the Stelling equation would be 

QL = (3. 70 + 3.952u)(q,- qa) (14) 

where QL is latent heat flux in Wm-2, u and q are in ms-1 and glkg, respectively. 
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The time series of latent heat flux and their trends for the same regions in Figure 1 
are shown in Figure 4, and their statistics included in Table 1. The trends are greatly 

reduced, very close to zero in the ETP and tropical Atlantic. They are about 10 Wm-2 in 
the WTP and the westem tropical Indian ocean, but the estimated errors of the coefficient 
b for trends are overlapped with zero at 95% significance Ievel and therefore the remained 
trends may not be real. 

The effect of wind adjustment on the climatology of latent heat flux is shown in 
Figure 5, which is the differences between latent heat fluxes calculated with and without 
wind adjustrnent for January, July and yearly mean. The adjustrnent raises the latent heat 
fluxes about 5 - 10 wm-2 over the tropical and subtropical oceans, but lowers the fluxes 

about 5 wm-2 over the oceans in the middle and high latitudes. Comparing with the wind 
climatology, it is found that the zero line corresponds to the wind speed of 8 ms-1, below 
which the latent heat correction is positive and vice versa. Generally speaking, however, 
the adjustment does not change the pattem of the latent heat flux. 

lt seems impossible to justify the individual wind correction in COADS, but there 
are some constraints which could be used to test the validity of adjustment as a whole. 
One constraint is the water balance. The difference of the evaporation and the 
precipitation (E-P) over the global oceans should be balanced by the river runoff. It was 
calculated using the QL and Jaeger's predication (Jaeger, 1976). The results are listed in 

Table 7. The total water deficit of oceans is 47.2 x 103 km3 yr-1. The UNESCO (1978) 
river flow into three oceans is 41.7 x 103 km3yr-1 and underground flow 2.2 x 103km3yr-1. 

The water deficit obtained with unadjusted wind is 29.9 x I 03 km3yr-1. The latent heat 
flux calculatcd using adjustcd wind ends up with a better water balance coinciding the fact 
that the values of E-P south of 40°S are not all included because of missing data and that 
~he precipitation there is usually !arger than the evaporation. 

Another constraint is the total net heat flux entering the oceans. Latent heat flux 
affects not only the water balance but also the energy balance of the oceans. The global 
mean net heat flux of the oceans should be very close to zero since the oceanic 
temperature is quite stable on the time scale of several decades. The global averaged net 
heat flux of Esbensen and Kushnir ( 1981) is 5 Wm-2 and the lowest among others, which 
would warm the global oceans 0.1 oc per decade, and Hsiung's and Weare's numbers 
would result in more warming (Reynolds, 1988). The net heat flux of Reed in the tropical 
Pacific is about 80 wm-2 more than Esbensen and Kushnir's number and would Iead to 
tremendous warming ofthe ocean. The global mean ofnet heat flux after taking account of 
wind correction is given in Table 8. The long term annual mean is I Wm-2, close to zero, 
but the amplitude of seasonal variation could reach 30 wm-2. The aceans lose more heat 
in northem winter, which is the results of the strong latent heat and sensible heat Iosses in 
the Gulf Stream and Kuroshio regions. 

The energy balance in the warm pool region is also a constraint. The net heat 
fluxes in this region should be close to zero (Newell et al., 1978; Newell, 1979, 1986; 
Godfrey and Ländstrom, 1989). The time series of the net heat fluxes in WTP and ETP 
regions are given in Figure 6. The 12- months running mean (dash line) is close to zero in 
the WEP region, but 40- 50 Wm-2 in the ETP region except during the strong EI Nifio in 

218 



1982 - 83 period when the SSTs there were close to sea surface temperature Iimit 
(Newell, 1986). 

Summary 

Beaufort-only wind data from Japanese whaling ship did not show positive trend 
for the period of 1949 - 61 while the wind speed from COADS increased 2.26 ms-1 
during this period. A homogeneaus wind data set may give us a picture about trend closer 
to the reality than mixed data set. More efforts are needed to search for such data sets in 
order to verify our knowledge about the climate changes. 

Parallel comparison of Beaufort wind observation with anemometer measurements 
at land stations confirms the fact that Beaufort scale wind could underestimate wind 
speed at low wind speed and overestimate wind speed at high wind speed. The 
comparison shows that difference between Beaufort wind and anemometer wind increases 
when the air density decreases. The bias of Beaufort scale wind would be more in warm 
and moist region than that in cold and dry region. The overestimate of Beaufort scale at 
high wind speed is more severe at land stations. The gusty nature of wind is the main 
source for the overestimate error. The same principle should work for the wind waves at 
ocean surface. 

The wind trend in COADS causes spurious latent heat trend. According to this 
trend, the latent heat flux received by the atmosphere would be 30 Wm-2 more in 1990 
than in 1949 in the WTP alone. Ifthe COADS wind is adjusted following the CMM-IV 
code, and then used in the latent heat calculation, the latent heat trend is reduced 
significantly, failing to pass the statistic test in most regions. The global water balance, 
the energy balances of the global oceans and of the warm pool region support the wind 
adjustrnent, which Ieads to more reasonable results. 
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Table I. Trends ofthe latent heat fluxes in the tropical regions. 

Region Without Adjustment With Adjustment 
b Ob trend(Wm-2) b Ob trend(Wm-2\ 

Trap W. Pac. 0.536 0.234 30.7(Y) 0.195 0.231 9.5(N) 
Trap E. Pac. 0.354 0.214 16.6(Y) -0.006 0.215 -0.2(N) 
Trap. At!. 0.569 0.139 19.7(Y) 0.050 0.140 ].4(N) 
Trap. W. Ind. 0.492 0.238 27.6(Y) 0.208 0.230 IO.O(N) 

Note: bis the linear coefficient ofthe trend, and Ob its error. Y/N indicates above/below 95% significance 
Ievel. Coordinates of the regions are: 

Trop. VV.Pac: l0°S- !0°N, 
Trop. E. Pac: l0°S- 0, 
Trop. At!. 5°S - 1 0°N, 
Trop. VV. lnd 5°S- 5°N, 

140°E- 180°; 
120°- 80° VV; 
40°-l0°VV; 
40°- 60°E. 

Table 2. Parallel comparison of Beaufort wind speed with anemometerwind speed. 

stn. Height(m) Wb Wa WaiWb obs. monthlyear 
ms·l ms·l (obs) (cal) 

Tomaha 4700 9.6 12.16 1.27 1.278 35 12/1971 

Wudolan 4700 8.29 10.24 1.26 1.27 32 12/1971 

Mado 4222 7.58 9.10 1.20 .123 52 12/1971 

Goulo 3719 7.56 8.87 1.16 1.21 32 12/1971 

Zaka 3086 6.81 8.23 1.21 1.18 22 1111971 
Daton 2567 5.16 5.65 1.10 1.12 20 11/1971 

ZanJan 26 4.6 4.66 1.01 1.00 5 1/1972 

Note: Wb 1s the Beaufort wmd speed, Wa anemometer wmd spccd. Month /year 1s the month and year of 
thc instrument change. 
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Table 3. Annual mean wind speeds before and after replacement ofwind pressure palate 
at I 0 stations. 

vr Chu Jin Bai Ban Min Tia Wen 
60 - - - - - 2.9 4.7 
61 2.1 2.5 3.6 3.2 1.9 2.8 4.2 
62 - 2.6 2.6 2.9 2.2 3.0 4.7 
63 2.5 2.4 2.6 2.5 2.2 2.9 4.0 
64 2.7 2.4 2.9 3.1 1.8 2.6 3.8 
65 2.6 2.2 2.6 2.8 1.6 2.8 4.4 
66 2.8 2.3 2.7 3.2 1.8 2.7 4.5 
67 2.4 2.2 3.0 3.1 1.4 2.7 3.7 
68 Ut 2.6 2.3 3.1 u u 3.8 
69 3.6 3.5 2.7 3.5 2.3 3.1 4.0 
70 3.5 3.5 3.6 4.9 2.3 3.1 3.9 
71 2.9 3.1 4.0 4.4 2.1 3.3 4.1 
72 2.8 3.1 2.7 4.5 2.0 3.3 :U 
73 2.7 3.2 3.4 4.6 2.3 3.1 4.1 
74 2.3 3.3 3.8 4.8 2.2 3.3 4.2 
75 2.3 3.0 3.9 4.7 2.0 3.0 4.1 
76 2.6 3.3 - - 2.0 2.8 4.2 
77 2.4 3.2 - - 1.7 2.5 3.9 
78 - 3.2 - - 1.4 2.5 5.9 
79 2.4 3.1 - - 1.5 2.7 5.8 
80 2.3 3.0 - - 1.5 3.3 5.7 

v, 2.6 2.4 2.7 3.0 1.87 2.8 4.2 

v, 2.7 3.2 3.6 4.7 2.0 3.0 4.7 

t.v(%) 4.0 33.0* 33.0* 57.0* 11.0 7.1 11.9 

t: Tbc correspondmg year was the year ofreplaccment ofwmd-prcssure platc. 
v1, v2 : The mean annual wind spccds beforc and after the replacement. 
*: above 95% significance Ievel. 

Don Chi Bin 
7.2 3.9 7.6 
7.3 4.2 7.8 
7.0 3.5 7.3 
6.4 3.4 6.3 
8.0 3.3 7.4 
7.4 3.4 6.9 
7.1 3.8 6.4 
7.4 3.6 6.5 
7.1 3.3 6.1 
6.5 3.7 6.2 
7.0 3.7 6.2 
6.9 ;u 6.1 
6.9 4.0 6.0 
7.4 4.1 6.4 
7.5 4.2 6.6 
6.8 4.3 5.8 
6.9 4.3 6.5 
6.1 4.1 6.8 
6.9 4.1 6.5 
6.7 4.4 6.0 
6.8 4.2 5.8 
7.1 3.6 6.9 

6.9 4.2 6.3 

-2.8 16.7* -8.7* 

Table 4. Parallel comparison of maximum wind speeds from Beaufort scale and 
anemometer at 3 stations. 

Station Wb*(ms- 1) 34.0 28.0 24.0 20.0 18.0 17.0 

Kanemen Wat 22.9 18.9 18.7 16.8 15.3 15.4 
obs. 4 3 28 31 27 13 

Sanbo Wa 24.1 22.0 20.0 18.6 - -
obs. 2 4 8 4 - -

Wanjan Wa 23.5 21.2 19.2 17.5 16.1 15.1 
obs. 4 9 18 19 24 3 

Average Wa 23.5 21.0 19.1 17.2 15.7 15.4 
obs. 10 16 54 54 51 16 

*: Beaufort wmd spced; t: ancmometcr wmd speed 
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Table 5. The changes ofnumber ofstrong wind days at 6 stations 

: yr Ron Tia Jia Don 
61 - 39 - 132 
62 - 27 - 128 
63 36 38 16 100 
64 34 21 14 165 
65 22 42 22 147 
66 25 47 28 141 
67 15 50 13 140 
68 26 39 28 142 
69 36t 32 30 ill 
70 5 32 lQ 105 
71 4 23 12 95 
72 I 44 17 100 
73 0 32 8 133 
74 I 39 17 125 
75 I 37 14 104 
76 0 34 16 II! 
77 0 43 12 82 
78 2 57 17 96 
79 4 43 - 91 
80 14 34 . 122 

N, 27.7 37.9 21.4 134.2 

N, 2.7 37.5 14.3 105.8 

ßN(%) -90.3* -l.l -33.2* -21.2* 
t: correspondmg ycar was the ycar ofrcplaccmcnt ofwmd-pressurc plate. 

N1 : averaged strong wind days before replaccmcnt. 

N2 : avcraged strong wind days after rcplaccment. 
*: above 95% significance Ievel. 

Chi 
139 
113 
105 
94 
106 
128 
136 
!05 
83 
58 
iQ 

55 
84 
57 
73 
76 
75 
85 
107 
76 
101.5 

76.4 

-24.7* 

Table 6. Gusty wind effect on the torque of wind-pressure platet 

Initial wind speed(ms-l) 15.0 16.0 17.0 18.0 

r I(USt I rJteady 
1.389 1.304 1.221 1.143 

. . 
t: Assummg the cahbrated pos1t10n ofthe platc tobe 45' at wmd speed of20ms-l . 
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Bin 
126 
106 
81 
150 
108 
88 
81 
51 
60 
53 
80 
53 
83 
106 
58 
67 
101 
94 
72 
108 
94.6 

79.5 

16.0 

19.0 20.0 
1.069 1.000 



Table 7. Water budget in three oceans (unit: J03 km3) 

Pac ATL !ND ALL 
N s N+S N s N+S N s N+S N s N+S 

p 112.2 115.9 228.1 48.4 31.3 79.9 18.6 62.4 81.0 179.2 209.6 388.8 
E 115.1 96.8 211.9 61.8 37.7 99.5 19.5 62.6 81.7 196.3 196.7 393.1 
E-P 3.4 2.3 5.7 14.8 12.2 27.0 0.9 13.7 14.6 19.1 28.2 47.2 

Table 8. Monthly global mean ofnet heat flux (unit: W/m2) 
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Figure 1: The time series of latent heat tlux without wind correction (solid lines) in four 
tropical oceanic areas. The dashed lines are the trends obtained by least square method. 
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Figure 2: Japanese whaling ship route (top), measured wind (middle) and the COADS 
wind in the same region. 
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Figure 3: Forces exerted on the wind plate. 
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Figure 4: Same as Figure 1 but with wind correction. 
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Figure 5: The effects of wind correction on the latent heat flux. 
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Figure 6: Net heat ftux into the ocean in the western and eastern tropical Pacific Oceans. 

200 

150 

f 
~100 

~50 z 
Cl 

200 

150 

NET HEA T FLUX ENTERING OCEANS 
(1949 - 1990) 

TROP. WEST PACIFIC (LARGE, IO'S- 10'N, 140'8 - 180') 

NET HEAT FLUX BNTERINO OCEANS 

(1949 - 1990) 

TROP. EAST PACIFIC (LARGB, IO'S- 0' , I 20' - 80'W) 

YEAR 

231 



A New Beaufort Equivalent Scale 

RalfLindau 

Institut fiir Meereskunde 
Düstembrooker Weg 20 
D-24105 Kiel, Germany 

Abstract 

By comparing Beaufort estimates with simultaneaus wind speed measurements 
the relationship between both parameters can be determined in form of a Beaufort 
equivalent scale. Previous equivalent scales were derived without regard to the fact, that 
the error variances of the basic observations are different. In most cases, the variance of 
only one parameter minimized, either the variance of the Beaufort estimated or the 
variance of wind measurements. Such regression methods do not yield the universal 
relationship between both parameters, which is required for an equivalent scale. 

Therefore a new Beaufort equivalent scale is derived by comparing the three
hourly wind speed measurements from six North Atlantic Ocean weather stations 
between 1960 and 1971 with more than 300,000 Beaufort estimates ofpassing merchant 
ships. But these two raw data sets are not comparable without regard to the different 
structure of error variances. 

Firstly the random observation errors of the estimates and of the measurements 
are calculated to separate the error variance from natural wind variability in both data sets. 
In this way it can be shown that, as expected, the measurements from ocean weather 
stations are much more accurate than wind estimates. The difference in accuracy can be 
quantified. Secondly, daily means of wind speed from the measurements of the stationary 
ocean weather ships and spatial means from simultaneaus estimates of surrounding 
merchant ships within an averaging area are computed. The latter comprise more 
individual observations than the means of ocean weather ships, so that the effects of the 
different observation accuracies are compensated. The radius of averaging areas are 
calculated separately for each season and each region, so that the spatial variability within 
this area is equal to the temporal variability at the ocean weather station within 24 hours. 
Only such pairs of averaged Observationsare suitable, because neither random observation 
errors nor natural variability has a falsifying effect. On these especially generated data 
pairs the method of cumulative frequencies, which allows one to detect also non-linear 
relationships, is applied in order to obtain the optimal Beaufort equivalent scale. 
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Introduction 

Today a !arge portion of wind observations at sea is still reported in terrns of 
Beaufort force. Beaufort estimates are made subjectively and based on the visual 
appearance of the sea surface (Petersen, 1927). But the usual parameterizations of 
interactions between ocean and atmosphere need the inforrnation of the metric wind speed 
10 m above sea Ievel. Therefore, a Beaufort equivalent scale, which attaches a wind speed 
value to each Beaufort step, is of great importance especially for the study of air-sea 
fluxes (Isemer & Hasse, 1991). 

Since about 100 years many attempts have been made to deterrnine the universal 
relationship between Beaufort force and wind speed. In any case, equivalent scales are 
evaluated by comparing Beaufort estimates with neighboring wind measurements. The 
regression line, based on such pairs of observation, yields the requested equivalent scale. 
But there are at least two ways to calculate a regression line: either by minimizing the 
variance of the Beaufort estimates while considering the measurements as independent 
parameter, or, conversely, by minimizing the variance of the wind speed. The first 
method yields the regression of Beaufort on wind speed, the second the regression of 
wind speed on Beaufort 

It is weil known, that these two one-sided regressions are useful to predict the 
most probable value of the wind speed for a given individual Beaufort estimate, and vice 
versa. But this is not, what an equivalent scale should perforrn. An equivalent scale 
should give the universal relationship between both parameters. In principle, this 
relationship is defined by the orthogonal regression, lying exactly between the two one
sided regressions. However, .the error variances of both parameters have to be equal, 
otherwise the best equivalent scale is tilted to the more accurate parameter. 

These considerations are rather old. At the end of the last century Köppen 
proposed, firstly in a publication of Waldo (1888), to consider the wind speed as 
independent and to average the Beaufort force. Other researchers followed him, and it 
became customary to use the regression of Beaufort on wind speed as equivalent scale. 
The most famous example for this kind of evaluation is the Code II 00, originally derived 
by Simpson (1906). This old WMO scale (Fig. I) is still in use. 

In contrast, since about 1945 most scales have been based on the reverse 
regression: the wind is averaged for each Beaufort number (Roll, 1951; Verploegh, 1956; 
Richter, 1956; WM0,1970). Consequently, the regression ofwind speed on Beaufortis 
obtained. The accordance of nearly all modern scales in their relatively low slope does 
not prove the shortcoming ofthe old WMO scale. The reason for the difference is simply 
the use of different regression methods. Neither method is absolutely correct for deriving 
an equivalent scale. However, the old method, averaging the estimates, is better, if the 
measurements are more accurate. (Actually they are, which is shown subsequently.) In 
any case it is impossible to derive a correct equivalent scale without knowledge of the 
error variance in both parameters. 
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Data 

Individual wind observations from six Ocean Weather Ships (OWS) in the North 
Atlantic and from neighboring Voluntary Observing Ships (VOS) were taken from 
COADS (Fig. 2). In order to derive a Beaufort equivalent scale, wind measurements and 
estimates have to be separated to be able to compare measurements from OWS with 
estimates from VOS. However, the only information in COADS conceming the kind of 
observation is a flag, indicating whether the wind is measured or whether the observation 
method is unknown. Additionally, this flag seems to be not very reliable. (Isemer & 
Lindau, 1994). For this reason all wind observations from OWS are assumed to be 
measured without regard to the flag. All VOS reports, flagged as unknown, are assumed 
to be Beaufort estimates. 

In COADS direct information about Beaufort force is only available in some 
decks. The standard information conceming the wind force is given in knots, even if the 
wind was originally estimated. Obviously the wind speed was obtained by converting the 
estimates with the old WMO scale Code 1100. In the following computations these 
knot-values will be used, because averaging Beaufort numbers is difficult due to the non
linear character of the Beaufort scale. 

In this study the period from 1960 to 1971 is considered. The fifties and sixties 
were the decades with the !arges! number of OWS in the North Atlantic. The evaluations 
are restricted to an even more limited period, because there are indications of a time-drift 
of the scale. Therefore, first an equivalent scale has to be developed for a certain, 
relatively short period. After that, a calibration with pressure gradients allows to 
calculate a time dependent scale. The Iatter was done in another study, also published in 
this volume. 

Error Variances of the Observations 

As mentioned above, it is necessary to know the magnitude of the observation 
errors in both parameters, in measurements and in the estimates, before deriving an 
equivalent scale. 

The random error variance of Beaufort estimates from VOS is calculated in the 
following way. Pairs of simultaneous Observations are formed within the VOS data set. 
The difference in wind speed between two ships is computed, squared and summed up, 
separately for 50 different classes from 10 km to 500 km. In this way the mean total 
variance of the observed wind is obtained as a function of distance ilx (Fig. 3). Two 
factors contribute to the variance: on the one hand true natural wind variability, in this 
case pure spatial variability because the observations are simultaneous, and on the other 
hand random observation errors. Of course the total variance is growing with increasing 
distance, reflecting the spatial wind variability. At the distance ilx=O no natural wind 
variability remains, so that here the total variance consists exclusively of the error 
variance a/. The a"'cannot be calculated directly, because two ships cannot be in the 

same place at exactly the same time. However, an estimate of ao 2 may be obtained by a 
linear fit for the total variance and extrapolating to ilx=O. In this way an error variance 
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Not only error variances in both parameters must be equal, but also the mean 
natural variability which is included in the averages. For example, monthly means arenot 
at all comparable to 10-minute means. In this regard a problern appears because of the 
different structure ofOWS and VOF data. Measurements from stationary OWS have to 
be averaged in time, but merchant ship reports have to be averaged in space. Therefore, 
corresponding spatial and temporal averaging radii have tobe defined. 

While OWS measurements were always averaged over 24 hours, the corresponding 
spatial averaging radius for VOS was computed for each season and each region. Figure 6 
shows for example the evaluations at the vicinity of OWS I in autumn. First, the error 
variance of OWS is computed analogaus to the method described in Section 3, but taking 
time lags instead of spatial distances. This value is subtracted from the total measured 
variance to obtain the true natural variability within 24 hours. Taking now the VOS data, 
the error variance is computed too, and the natural variability can be separated. Then the 
radius is searched, where the pure spatial variability is equal to the pure temporal 
variability within 24 hours deduced from OWS data. In most cases a radius between 300 
and 400 km results. 

The New Scale 

We are now able to derive an equivalent Beaufort wind scale. Daily means of 
OWS measurements are compared to spatial means of Observations from neighboring 
merchant ships, within the averaging radius evaluated above. OWS means are always 
based on 4 individual reports. VOS means are calculated, if at least three simultaneaus 
observations are available. The VOS means are based an about 6 individual reports in 
average. These averages fulfill two conditions: (I) their mean accuracy is equal and (2) 
they contain the same natural variability. 

The method of cumulative frequencies yields the new Beaufort equivalent scale 
(Fig. 7 and Table 1). Actually, the old WMO scale Code 1100 is calibrated, because the 
COADS knot-values, which are based an this scale, are used for the computations. The 
new scale is valid for a height of 25m, since this is the OWS anemometer Ievel. The 
general features of the new scale, compared to the Code 1100, are considerable higher 
values for the most frequent Beaufort numbers. This is not at all surprising, because the 
new scale is valid for 25m instead of lOm. 

An alternative scale is derived using reduced OWS measurements. The wind speed 
reduction from 25m to I Om was carried out as described previously. Figure 8 shows the 
resulting !Om-scale. The equivalent values of this new scale are rather similar to the old 
WMO scale code II 00 for the most frequent Beaufort numbers 2 to 6. Their trifling rise 
compared to the old WMO scale is compensated by considerable lower values for the 
stronger and less frequent Beaufort numbers. This result confirms entirely the previous 
consideration concerning the regression methods: it is true, the Code II 00 curve ascends 
slightly too strong if equivalent values are plotted against Beaufort number, since 
measurements are of course not totally accurate. However, the old WMO scale is not at 
all as insufficient as most of the newer derivations suggest, because the accuracy of 
measurements, at least at OWS, is much better than the accuracy ofBeaufort estimates. 
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Applications of the Scale 

If the new Beaufort scale is well derived, wind speed measurements of OWS 
should coincide with converted estimates of surrounding merchant ships. In this manner, 
the new 25m-scale is tested. Individual monthly means within an area of 5° latitude and 
7° longitude are evaluated from VOS data by using the new scale. They are compared to 
monthly means of the OWS, which is situated in the center of the area. This is carried out 
for the period 1960 to 1971 for the selected area surrounding the six OWS, which are used 
for the derivation. For such camparisans the orthogonal regression has to be used, 
because error variances of monthly means, based on several hundred individual reports, 
are negligibly small. Figure 9 shows the almostoptimal agreement of OWS measurement 
and converted VOS estimates. 

This result is not totally trivial. Only a relatively small part of the VOS data was 
used to derive the new scale, in order to satisfy the requirements with regard to the 
variances. The test proves, that the restricted sample is representative for the whole data. 

Same further remarks are necessary conceming the application of the new scale. In 
order to compute fields of wind stress the squared wind speed v2 has to be evaluated. 
But observation errors affect the results as follows. A wind speed observation V may be 
divided into the true part v and an Observation error !'!.v according to: 

V=v+/';.v 

Consequently, the mean pseudo stress [ V2], calculated simply from the observations, 
contains not only the true value [ v2

], but also the error variance [11 v2]. 

Thus, as a matter of principle, calculating wind stress is impossible, if the observation 
error of the wind speed is unknown. This holds true, if the calculations are based on 
Beaufort estimates. In this case the error variance of the converted estimates has to be 
ascertained. Since the scale recommended in this study is derived by separating natural 
variability and error variance, the effect of observation inaccuracy is easy to calculate. It 
is exactly the error variance which was computed for merchant ship Observations in an 
earlier section. 

U niversality of the Scale 

Further equivalent scales are derived for different meteorological conditions, for 
example stability-dependent and seasonal scales (Fig. 10). The differences are small, so 
that the conversion of all wind estimates with only one universal scale is possible without 
great errors. 

Unfortunately, the nations of the merchant ships are not registered in COADS 
until the year 1970. In order to derive special scales for each nation a data set from 
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Seewetteramt Harnburg is used. These Observations show, that different nations estimate 
the wind's force very differently. 

In average American Beaufort estimates are about 2 knots higher than neighboring 
German observations! Consequently national equivalent scales are quite different (Fig. 
II). Forthis reason, a multi-national scale which is derived in the North Atlantic cannot 
be transferred into a region with another nation-mix, like the Pacific ocean. In order to 
convert Beaufort estimates of COADS, it would be very helpful, if the nationality of the 
ships were available, so that the different national scales could be applied. 

Summary 

Evaluations of the error variance for OWS measurements and for VOS estimates 
show, that wind measurements on board of OWS are much more accurate. Paying 
attention to the different observation errors and also taking care for comparable natural 
variability in both data sets, a new equivalent scale results, which is not very different to 
the old WMO scale Code I 100. The similarity is due to the fact, that the regression 
method used in former times was very reasonable: In contrast to the present, the more 
accurate wind speed measurements were considered as an independent parameter. 

Strictly speaking, the recommended scale is valid only in the North Atlantic and 
for the period 1960 to 1971. A transfer in time is attainable by using gradients of air 
pressure. A transfer in space seems to be possible without problems, because special 
scales for different meteorological situation are rather similar. However, the obvious 
differences in estimating wind force between different nation raise some problems, if the 
scale is Iransported in regions with other prevailing countries of origin. For a careful 
conversion ofBeaufort estimates different scales should be used for different nations. 

References 

Cardone, V.J., 1969: Specification ofthe wind distribution in the marine boundary layer 
for wave forecasting. Report TR69-I, New York University, New York, N.Y., 131 
pp. 

Isemer, H.J. & L. Hasse, 1991: The Scientific Beaufort Equivalent Scale: Effects on Wind 
Statistics and Climatological Air-Sea Flux Estimates in the North Atlantic Ocean. J. 
C/imate, 4, 819-836. 

Isemer, H.J., & R. Lindau, 1994: On the Homogeneity of Surface Wind Speed Records 
from Ocean Weather Stations. Submitted to Journal of Atmospheric and 
Oceanographic Technology. 

Kaufeld, L., 1981: The development of a new Beaufort equivalent scale. Meteorol. 
Rundsch., 34, 17-23. 

Köppen, W., 1916: Beaufortskala und Windgeschwindigkeit Meteorol. Zeitschr., 33, 88-
91. 

238 



Köppen, W., 1926: Über geschätzte Windstärken und gemessene Windgeschwindigkeiten. 
Annalen d. Hydrographie u. Marit. Met., 54, 362-366 

Large, W.G. & S. Pond, 1981: Open ocean momentum flux measurements in moderate to 
strong winds. J.Phys.Ocean., 11, 324-336 

Lindau, R., H.-J. Isemer, L. Hasse, 1990: Towards time dependent calibration ofhistorical 
wind observations at sea. Trop. Ocean-Atmos. Newslett., 54, 7-12. 

Petersen, P., 1927: Zur Bestimmung der Windstärke auf See. Annalen der Hydrographie 
55, 69-72. 

Roll, H.U., 1951: Zur Frage der Umrechnung Beaufort-Knoten auf See. Annalen d. 
Meteorol. 4, 408-410 

Richter, J., 1956: Geschwindigkeitsäquivalente der Windstärkeschätzungen nach 
Beobachtungen auf deutschen Feuerschiffen. Annalen der Meteorologie, 7, 267-287. 

Simpson, C.G., 1906: The Beaufort Scale of Wind-Force Report of the Director of the 
Meteorological Office, Official No. 180, London 

Verploegh, G., 1956: The Equivalent Velocities for the Beaufort Estimates ofthe Wind 
Force at Sea. Koninklijk Nederlands Meteorologisch Institut, Medelingen en 
Verhandelingen, 66, 1-38. 

Wonnacott, R.J., T.H. Wonnacott, 1981: Regression: A second coursein statistics. John 
Wiley & Sons, New York, 556pp. 

Waldo, F., 1888: Vergleich von Beauforts Skala und Windgeschwindigkeit Meteorol. 
Zeitschr., 5, 239-241. 

World Meteorological Organization, 1970: Reports to marine science affairs. Rep. No. 3: 
The Beaufort scale ofwind force. WMO, Geneva, Switzerland, 22pp. 

239 

• j 



Table 1: New Beaufort equivalent scale, valid for a height of 25m above sea Ievel. 

Bft 0 I 2 3 4 5 6 7 8 9 10 11 12 

knots 0.0 2.3 5.4 9.5 15.0 20.5 25.5 30.9 36.8 43.2 50.6 58.9 68.8 

Table 2: Mean scalar wind speed difference between VOS estimates compared to 
simultaneous and neighbouring (up to 150 nm) measurements from OWS. 

Nation Former USA France United FR Nether-

su Kingdom Germany Iands 

t.u kn 0.0 -0.3 -1.2 -1.5 -2.0 -2.3 
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Figure 1: The old WMO scale Code 1100 compared to the scientific Scale of the WMO 
CCM IV. The old scale is based on the regression of Beaufort on wind speed, the latter on 
the regression of wind speed on Beaufort. 
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Figure 2: Locations of six North Atlantic ocean weather stations. Their wind speed 
measurements were used to derive a new Beaufort equivalent scale. 
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Figure 3: Mean squared difference of wind speed as a function of distance. The results 
are based on pairs of VOS-VOS estimates. 
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Figure 4: As figure 3, but additionally the results for pairs of OWS-VOS as hached 
portion of the bars. The measurements of OWS arenot reduced. 
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Figure 5: As figure 4, but the measurements of OWS are reduced from 25m to 10m. 
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Figure 6: Illustration of computing the averaging radius, examplified by the season 
autumn in the vicinity of OWS I. 
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Figure 7: New Beaulort equivalent scale valid for a height of 25m above sea Ievel. 
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Figure 8: New Beaufort equivalent scale based on 
therefore valid for a height of 10m. 
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Figure 9: Individual monthly means of the wind speed in the North Atlantic from 1960 
to 1972. In order to test the new 25m-scale, converted Beaufort estimates of VOS are 
compared to OWS measurements. VOS estimates are taken from a so x 7° areas 
surrounding the respective OWS. 
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Figure lOa: Beaufort equivalent scales derived separately for each season. Differences 
to the proposed universal scale are evaluated. 
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Figure lOb: As Figure IOa, but for (1) instability and (2) stability of near neutral 
conditions, respectively. The critical value separating both conditions is a temperature 
difference of -1 K between air and sea. 
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Figure 11: As Figure 10, but for the USA and Germany, respectively. 
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Individual Pressure Differences 
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Abstract 

COADS contains wind estimates from the last 130 years. They indicate a 
considerable negative trend until World War II, after that an often discussed increase of 
the wind force. Whether these trends are a true climate signal is questionable because the 
observing practices have changed during the last century which probably introduced an 
artificial interdecadal trend into the wind series. 

In order to examine this question, Beaufort estimates from COADS are compared 
to individual pressure differences between two ships. In this way the geostrophic wind 
component perpendicular to the function line of the ships is obtained. Assuming a 
constant geostrophic angle this component depends on the wind direction relative to the 
fimction line and a sinusoidal fit over all relative wind directions Ieads to the geostrophic 
wind speed, when effects of observation inaccuracies in the wind direction are eliminated. 

According to this method mean geostrophic wind speeds are computed for each 
month of an individual year, separately for the four 10° latitude zones between 20°N and 
60°N in the North Atlantic. With an orthogonal regression the relationship between wind 
force and geostrophic wind is determined for each year, based on the 12 monthly values. 
It is assumed that this relationship has to be constant through the years and each 
deviation is referred to a temporal drift of the Beaufort scale. In this way a time
rlependent equivalent scale is evaluated, using the scale for the period 1960-1971 (see 
Lindau: "A New Beaufort Equivalent Scale", this volume). 

If Beaufort estimates of COADS are converted with the time dependent 
equivalent scale the negative trend in the period before 1945 is converted into a positive 
trend of the same magnitude. The mean historical wind speed is increased and becomes 
equal to the mean wind speed since the year 1945. In the modern period the positive 
trend vanishes. 
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Introduction 

Meteorological observations on board Voluntary Observing Ships (VOS) are an 
important data source for climatological studies. They date back to the middle of the last 
century. Even today, the wind Observations of VOS are based mostly on Beaufort 
estimates. The reports indicate a significant decrease ofthe wind speed up to 1945, after 
this a considerable increase is registered (Peterson & Hasse, 1987). Whether these trends 
are a true climate signal is questionable because the observing practices have changed 
during the last century which probably introduces an artificial interdecadal trend into the 
wind series. In earlier times, when sailing ships were dominant, the Beaufort wind force 
was defined by the amount of sail a special type of ship were able to carry (Kinsman, 
1969). With the introduction ofsteamships the Beaufort scale had tobe redefined and the 
wind force has been estimated by the sea state (Petersen, 1927). Since the sixties more 
and more merchant ships have been equipped with anemometers and wind estimates have 
been partly substituted by measurements. 

Forthis reason the unreliable wind trends deduced from ship reports have tobe 
verified by objective criteria, e.g. by comparing to mean air pressure gradients (Ramage 
1987). However, his method requires extremely high directional steadiness of the wind. 
Consequently, it is applicable in only some regions of the world ocean. Therefore, in this 
study individual pressure differences are used. 

A necessary condition of the purposed absolute interdecadal calibration of the 
Beaufort estimates, is the availability of an equivalent scale valid for a fixed period. This 
is accomplished by the "New Beaufort" equivalent scale derived in the North Atlantic for 
the period 1960 to 1971 (Lindau, 1994). Whether this scale is valid also for other decades 
or whether a time dependent scale is necessary will be examined in the following by a 
calibration against pressure differences. 

Data 

Individual wind and pressure reports of the North Atlantic between 20°N and 
60°N dating from the period 1890 to 1990 are taken from COADS. Only Beaufort 
estimates are considered, in order to exclude the weil known artificial increase of the wind 
Speed due to measurements (Cardone et al., 1990). Measurements are separated according 
to a flag given in COADS, indicating whether the wind was measured, or whether the 
observation practice is unknown. The latterare here considered tobe Beaufort estimates. 

In COADS direct information about the Beaufort force is available only in some 
data sets. The standard information conceming the force is given in knots, even if the 
wind was originally estimated. Obviously, the wind speed was obtained by converting 
the estimates with the old WMO scale Code 1100. In following computations the original 
knot-values are first changed into Beaufort (with the old WMO scale) and then re
converted into knots with the new equivalent scale (Lindau, 1994) valid for the period 
1960 to 1971. 

The resulting wind speeds are shown in Figure 1. Anomalies with respect to 
monthly means of the respective 1° x I 0 box indicate a significant negative trend of more 
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than I cm/s/yearfor the period 1890 to 1945, and even stronger but positive trend of 1.5 
cm/s/year since 1946. 

Method 

Outline 
Individual ship reports are used, if they contain the air pressure and the wind 

strength and direction. Pairs of simultaneously observing ships are formed, provided that 
the distance between them is !arger than 200 km and less than 500 km. Their pressure 
difference yields the momentum geostrophic wind component perpendicular to the 
junction line between the two ships. The magnitude of this component depends not only 
on the wind strength but also on the wind direction relative to the junction line, if a 
constant but unknown geostrophic angle is assumed (Fig. 2). Therefore, the geostrophic 
wind component is averaged separately for 36 classes of relative wind direction. A 
sinusoidal fit over all relative wind directions Ieads to a function which provides the 
requested parameters: The amplitude of the resulting sine curve represents the magnitude 
of geostrophic wind, its phase shift defines the mean geostrophic angle (Fig. 3). 

Effects of observation errors 
Inaccuracies in estimating the wind direction may falsify the results as follows: 

The pressure differences may be sorted into wrong classes of relative wind direction, 
which effects a diminished amplitude of the fitted sine curve. If ßd denotes the mean 
Observation error of the wind direction, the amplitude decreases with the factor cosßd. 

The mean error of wind direction is evaluated by computing differences in the 
reported wind direction D1 - D2 between two simultaneously observing ships, which are 
separated by a certain distance. A linear fit for values of cos( D1 - D2 ) with respect to 
ships' distance allows to extrapolate to the distance ßx=O, where only observation errors 
are responsible for a value less than 1. If the errors are random the mean value of 
cos( D1 - D2 ) at the distance ßx=O is equal to cos2ßd, representing the squared mean 
Observation error of the wind direction. Figure 4 illustrates the evaluations. At the 
distance ßx=O a value of 0.804 remains for the mean cosine of D1 - D2 , which is 
equivalent to observation error of26.3° 

Time Dependent Calibration 

According to the method introduced above monthly magnitudes of the geostrophic 
wind are computed firstly for the standard period 1960 to 1971, separately for the four 
10°-latitude zones between 20°N and 60°N in the North Atlantic. Figure 3 shows the 
result for the month of January in the zone between 40°N and 50°N. Basedonmore than 
1 million pairs of observation a mean geostrophic wind of 13.3 rn/s is found, Iogether with 
an geostrophic angle of 17.6°. However, because of the !arge observation errors in 
estimating the wind direction (ßd=26.3°, see Fig. 4), the amplitude ofthe computed sine 
curve is diminished by the factor cosßd. Hence, the computed raw value has to be 
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enlarged by the factor cos-1 D.d, in order to get the true magnitude of the geostrophic wind. 

A value of 14.8 ms-1 results. The magnitude ofthe simultaneously observed wind speed, 

according to the New Beaufort scale, amounts to 10.2 ms-1 (Fig. 5). 
For the standard period 1960 to 1971, the procedure is carried out for each month 

and each 10° zone, so that 48 pairs of geostrophic wind "G" and observed wind "U" are 
available. A linear and orthogonal regression provides the relationship between both 
parameters, according to: 

Figure 6 shows the result, which yields the following values for the constants 1\, and A1: 

A, =-3.7ms-l 

A, = 1.81 

This relationship between G and U is considered to be highly reliable, since it is derived 
within the standard period, when the N ew Beaufort scale used is valid. It is further 
assumed, !hat this relationship has to be constant through the years. Each deviation is 
referred to a temporal drift of the Beaufort scale. 

Then, relationships between G and U are analogously computed for other periods. 
The evaluations are carried out for each individual year, if at least 40,000 pairs of 
observations are available per 10° zone, otherwise observations of surrounding years are 
included. Figure 7 illustrates the results for some selected years. 

In general, the constants a0 and a 1 defining the relationship between G and U in a 

certain year differ from the constants A, and A1, which are derived for the standard 

period. a0 and a, are considered to be falsified, because a non-time-dependent scale has 

been used. 

True relationship (1960-71 ): 

Potentially falsified relationship 
for a certain year: 

In order to obtain the true 
relationship for each year, 
the equivalent scale has to be 
transformed according to: 

(1) 

(2) 

U = c1(t)u+c0 (t) (3) 

c I(t) = a 1(t)/ A1 

co(t) = ( a0(t)- 1\,)/ A1 

Hence, the intended calibration of the new equivalent scale is reduced to the two time 
dependent coefficients c1(t) and c0 (t). Their application on all years yields the time 
dependent equivalent scale showed in Fig 8. 
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Results 

If Beaufort estimates of COADS are converted with the time dependent 
equivalent scale, the negative trend in the period before 1945 is reversed into a positive 
trend of the same magnitude (Fig. 9). However, the mean historical wind speed is raised 
and becomes equal to the mean wind speed since the year 1945. In this modern period 
the positive trend vanishes. The increasing wind speed of the uncorrected COADS is 
obviously due changing observational practices. 
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Figure 1: Wind anomalies for the period 1890 to 1990 in the North Atlantic between 20N 
and 60N. The values are based on Beaufort estimates converted to the New Beaufort 
scale. An omalies are computed against monthly 1 o x 1 o box averages. One year running 
means of these anomalies are plotted. A linear regression yields for the period 1890-
1945: -1.03 ±0.21 cm/s/year. For the period 1946-1990 results a linear trend of + 1.48 
±0.20 crnls/year. 
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Figure 2: Wind direction Drel relative to the junction line between two 

individual ships. The value is basing on the mean observed wind direction. 
The figured example shows Drel = 290 • 

Ship 2 

Ship 1 

relative wind direction 290 
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Figure 3: Magnitude of the geostrophic wind for the month of January in the standard 
period 1960 to 1971 and in the North Atlantic between 40 N and 50 N. The computed 
sine curve is based on mean geostrophic wind components for 36 classes of relative wind 

direction. The evaluations yield a geostrophic wind of 13.3 ms·l and an geostrophic 
angle of 17.6. 
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Figure 4: Example for the evaluation of the mean Observation error in estimating the 
VOS wind direction. The mean cosine of the differences between two ship reports are 
figured as a function of distance. The value at the distance tl.=O represents the mean 
observation error. The results are referred to the same region, period and month as in 
figure 3. 
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Figure 5: As figure 3, but including the true geostrophic wind figured as dashed line after 
the correction with cos·I D.d. The correction compensates for the effects of observation 
errors in the wind direction. The resulting geostrophic wind of 14.8 ms·I should be 
compared to the simultaneously observed wind speed of 10.2 ms·I. 
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Figure 6: Determination of the relationship between geostrophic wind G and observed 
wind U for the standard period 1960 to 1971. The evaluations are basing on 48 G vs. U 
pairs derived for 12 month and four 10° zones. The linear and orthogonal regression 
yields G = 1.81 *U - 3.7 ms·l. 
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Figure 7a: Relationship between G and U for the year 1895. Additionally, the 
relationship for the standard period 1960 to 1971, which is regarded to be valid, is 
pictured as dashed line. The comparison of both relationships provides coefficients of 
correction for the respective year. For the year 1895 the following values result: reg. 
coeff(IB95J = 1.043 and constant(IB95J = -0.55 ms-1. 
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Figure 7b: As figure 7a, but for the year 1935. 
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Figure 7c: As figure 7a, but for the year 1955. 
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Figure 7d: As figure 7a, but for the year 1985. 
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Figure 8: Time dependent Beaufort scale. The equivalent values for Beaufort 2 to 7 are 
figured as deviations from the equivalent scale (Lindau, 1994) valid for the standard 
period 1960 to 1971. 
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Figure 9: As figure 1, but representing the time series for Beaufort estimates converted 
by the time dependent scale. A positive trend of 1.02 ±0.20 crn/s/a is found for the 
historical period and a not significant trend of -0.11 ±0.23 crn/s/a remains for the modern 
period. 
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Abstract 

Using individual observations from the COADS Compressed Marine Reports 5 (CMR5), 
separate objective analyses of estimated and measured wind speed climatology for the 
global aceans during the period 1970-89 is produced. Fields of annual mean 
estimated/measured wind speeds are used to analyze the performance of four current 
Beaufort equivalent scales: a) WMO Code 1100, b) CMM-1V, c) Cardone, and d) 
Kaufeld. This analysis identifies major biases in these scales and a method is proposed to 
correct individual estimated wind observations in COADS. The sensitivity of this new 
method on different seasons, decades and individual aceans is discussed. It is shown that 
this new method produces consistent estimates of measured/estimated annual mean wind 
speeds over the global aceans with much reduced bias compared to calculations based on 
previous Beaufort equivalent scales. When compared to the old WMO Code ll 00 
Beaufort scale estimates, our method produces higher climatological wind speeds over the 
global aceans and removes the lang term artificial trend, with the magnitude of such 
corrections high er in the boreal summer. 

lntroduction 

The complex interactions between the ocean and the atmosphere are realized 
through fluxes of heat, momentum and fresh water at the ocean surface. Bulk 
aerodynamic parameterizations of these fluxes rely strongly on the determination of wind 
speed a few meters above sea Ievel. This paper further documents shortcomings in wind 
speed observations by the Voluntary Observing Fleet (VOF) and proposes a simple 
method for correcting estimated wind reports in COADS. Details of the calculation are 
reported by da Silva et al. (1994). Herewe summarize the main results ofthat paper. 

Wind Speed reported by the VOF are either directly measured with anemometers 
or estimated from sea state. Instrumentation problems with anemometers are believed ( or 
better, assumed) to be nonsystematic and hopefully cancel out when spatial!temporal 
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averages are taken. Although wind speeds are systematically related to anemometer 
height, standard surface layer similarity theory can be used to homogenize wind reports 
coming from ships with anemometers at different Ievels ( e.g., Large and Pond, 1981 ). 
This homogenization, of course, requires the availability of anemometer height metadata 
foreachwind report, which is not readily available at the moment. Following Cardone et 
al. (1990), an average anemometer height of 20 m is assumed throughout this study. 
Estimated winds are somewhat subjective and depend on the skill of the observer. Even 
when a correct identification of the sea state is made, the Beaufort estimate still needs to 
be converted to wind speed through a Beaufort equivalent scale. Since 1946 a Beaufort 
equivalent scale developed by Simpson (1906, 1926) combined with a well-defined 
description of sea state due to Petersen (1927) has been used for meteorological weather 
services (Isemer and Hasse 1991). This scale is commonly referred to as Code 1100. 

The estimated speed included in the Comprehensive Ocean-Atmosphere Data Set 
(COADS) is based on the old WMO Code II 00 Beaufort equivalent scale. It is now 
widely accepted that the old WMO (Code 1100) Beaufort equivalent scale contains 
systematic errors and several alternative scales exist (WMO 1970, Cardone 1969, Kaufeld 
1981, Rarnage 1987). 

In this study we use COADS individual reports to investigate the performance of 
four alternative Beaufort equivalent scales. Having documented climatological biases in all 
4 current scales, we then introduce a very simple formula ( eq .. 6) to correct estimated 
wind speeds reported in COADS. The performance of this correction for individual 
oceans, seasons and decades is briefly discussed ( details can be found in da Silva et al., 
1994, and is followed by a discussion of the impact of our estimated wind speed 
correction on the long term c!imatology and wind speed trends. We start by describing 
the data source and method of analysis in the next section. 

Data Source and Method of Analysis 

Data sei 
The primary data source for this study is the Compressed Marine Reports 5, 

product I 0 of the Comprehensive Ocean-Atmosphere Data Set-COADS/CMRS (Slutz 
et al., 1985). Release I of COADS includes data from the late 1800's up to 1979. 
Recently these observations have been extended to the 1980's in the so-called interim 
product. The Release Ia of COADS that greatly improved the data set in the 1980's was 
not available in time for these calculations. 

For each directly measured quantity available in CMR5/COADS (zonal and 
meridional wind components, air and sea surface temperature, sea Ievel pressure, etc.) 
observations are rejected if they do not pass the trimming procedure with a threshold of 
3.5 standard deviations as outlined in Slutz et al. (1985). 

Estimated versus measured winds in COADS 

Flag "Wl" included in each COADS/CMRS wind observation is used to 
discriminate measured from estimated winds. It should be noted that this flag takes only 
two values: I for measured winds and 0 for estimated winds or unknown. It is 
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conceivable that some of the observations flagged as estimated/unknown could in fact be 
measured (see Cardone et al. (1990] for a discussion of problems with the 
measured/estimated indicator in a siinilar data set). In order to homogenize estimated 
winds, da Silva et al. (!994) found it necessary to bracket all COADS estimated wind 
speeds according to the old WMO scale (Table l) and replace it with the appropriate 
equivalent wind speed. 

Objective analysis 

In order to eliminate spatial and temporal noise due to inhomogeneaus sampling 
over the oceans we have objectively analyzed our fields to fill in gaps in data sparse 
regions and remove small scale noise. This is the same spatial resolution used in Levitus' 
(!982) Climatological Atlas ofthe World Oceans. Objective analysis is also an effective 
outlier removal which is beneficial to the regression analysis ofsection 4. Details ofthe 
objective analysis can be found in da Silva et al. (1994) and Levitus (1982). 

Assessing Current Beaufort Equivalent Scales 

It is weil established that the old WMO (Code 1100) Beaufort equivalent scale has 
systematic biases and that several alternative scales have been proposed. Although all 
these new scales confinn that the old WMO scale underestimates low wind speeds and 
overestimates high wind speeds (Fig. 4 ), they all differ in the precise amount. This 
section further documents the performance of these scales by comparing ancmometer
measured winds with estimated winds based on each scale, in a climatological sense. The 
scales considered are WMO Code ll 00, WMO CMM -IV (WMO 1970), Cardone ( 1969) 
and Kaufeld (!981 ). 

Figure l plots estimated against measured northem hemisphere annual mean winds 
for the period 1970-1989, for each ofthe scales described above. Windspeeds estimated 
with Kaufeld's scale have been converted from 25 m (average anemometer height in 
Kaufeld's [ 1981] study) to 20 m, und er the assumption of neutral stability. These scatter 
diagrams present several measures of error and goodness of fit, viz. 

std. dev. (!) 

bias (2) 

[ 
l - - ]

1

'

2 

scatter = N~(W,,-Wm1 -b)2 (3) 
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where W,, I w., stands for climatological estimated/measured wind speed at gridpoint i 
and N is the total number of gridpoints. Figure 2 also shows the slope and intercept of 

the least square fit relating W, to W m in each panel. 

Although the old WMO scale gives a slope very close to I, it is clear from Fig. 2a 
that it underestimates wind speed with a standard deviation of almost 1 m/s. The CMM
IV Beaufort equivalent scale (Fig. lb) does a better job for wind speeds in the range S-9 
m/s but tends to underestimate (overestimate) wind speeds greater (less) than 9 m/s (5 
m/s). Kaufeld's scale (Fig. lc), however, systematically overestimates wind speeds with a 
standard deviation of about 0. 7 m/s and bias of 0.6 mls. Like Kaufeld, Cardone's scale 
(Fig. ld) tends to overestimate wind speeds less than 9 m/s, but does a much better job at 
high er values of the wind speed; both bias and standard deviations are about half those of 
Kaufeld. 

Correcting Estimated Winds in COADS 

Our main objective is to devise a correction to the Code 1100 Beaufort equivalent 
scale that would bring not only average measurelestimated wind speed in closer 
agreement, but also produce consistent average nonlinear quantities such as the average 

pseudo wind stress (P = W2 = W2 + W'). It is clear that a simple linear regression 
formula 

(4) 

would bring measured/estimated wind speeds in Fig. Sa in close agreement, as discussed in 
the previous section; in the above formula W"w, Wotd stands for the corrected and old 

WMO Code 1100 wind speed, and x"x' are constants to be determined. However, 
consistency between measured/estimated average pseudo wind stress P requircs not only 

the mean speeds to be consistent (W, = W m ), but also a consistency of standard 

deviations W;2 = W~. Such consistency of standard deviations cannot be accomplished 
with a simple linear regression. As discussed in the section above, a correction to the old 
WMO scale should increase low wind speeds and decrease high wind speeds. After much 
experimentation it was determined that such correction can be accomplished by a function 
ofthe form 

(5) 

All of the three alternative Beaufort equivalent scales of the last section can 
accurately be expressed in the form of eq. (5). The constants x1,x2 are determined by 
means of a least squares fit. 

Figure 3 shows the results of these computations based on northem hemisphere 
data, base years 1970-89. Each "row" in this diagram corresponds to a different set of 
constants x1 I x2 , and each "column" corresponds to test data for a particular period 
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(annual, January or July). For example, the diagonal depicts estimated vs. measured wind 
speeds with the corrected Beaufort equivalent scale developed forthat particular month. 

It is clear from Figs. 3a,d,g that any of the new Beaufort equivalent scales 
performs better on climatological annual winds than the CMM-IV scale (Fig. 2b), the 
"best" among the current scales; the new January scale (middle row) perforrns nearly as 
weil as the optimal annual scale with standard errors equal to 0.18 and 0.17 m/s, 
respectively (compare Figs. 5.a and 5.d). A close examination of Fig. 3 reveals that on 
January/July data the January scale comes slightly ahead of the annual scale. The July 
scale only outperforms the annuaVJanuary scales on the July data, but marginally so. The 
seasonal dependence of the scales is modest and does not warrant the use of a different 
scale for each month. Based on this analysis, and additional plots for other oceans, we 
selected the January scale as our primary scale. In this case eq. (5) reads: 

W.-w = 0. 7870Wold + 0.9547~Wold (6) 

N otice that when this equation is applied to climatological winds the second terrn on the 

RHS should be the average of W!,f; ( fTV) rather than the square-root of the average wind 

({W). 
The wind speed correction given in eq. (6) can be used to derive a revised Beaufort 

equivalent scale for use in COADS. In Table I the mean equivalent wind speed and 
respective interval of wind speeds for the WMO Code II 00 scale have been mapped 
using eq. (6) to produce a new corrected scale; this scale will be referred to as the UWM 
Beaufort climatological scale, because our method of correction is based on a 
climatological constraint rather than the usual method of paired Observations. Figure I 
depicts the difference between this corrected scale and the other Beaufort equivalent 
scales. Consistent with the other scales, the UWM scale indicates that the old WMO 
Code II 00 scale underestimates low wind speeds and overestimates high wind speeds. 
However, the magnitude of the correction is generally smaller than previous alternatives 
to the old WMO scale. 

Sensitivity Study 

Da Silva et al. (1994) documents the regional temporal performance of the 
proposed wind speed correction in some detail. Only the main results are highlighted here. 

Table 2 summarizes the relationship between measured/estimated wind speed in 
COADS for different months when our correction is applied. As expected, the best 
performance is attained for January, the base month used to derive the scale. Within 5% 
the results are consistent throughout the year. 

Table 3 summarizes the performance of the UWM scale for 5 degree boxes around 
Ocean Weather Stations in the North Pacific and North Atlantic oceans. Foreach month 
from 1970 to 1989 separate monthly mean wind speeds are computed for measured and 
estimated wind reports. These boxes are chosen to include OWS so that a great number 
of anemometer measured reports are present. Monthly means with less than 30 
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observations for a particular month are eliminated. Notice that no objective analysis is 
perforrned. As before, the WI flag in COADS CMR5 was taken at face value, alihough 
H.-J. Isemer (personal communication) has brought to our attention apparent 
inconsistencies in this flag in the neighborhood of OWS. A sensitivity test eliminating 
dubious WI reports has been conducted and the main conclusions of this section are not 
affected by this tighter quality control. The most striking feature in Table 3 is the !arger 
standard deviation (and scatter) compared to the climatological results presented in the 
previous sections. This increase in standard deviation is partially due to the absence of 
objective analysis, combined with the noisier character of monthly mean, regional data. 
Eleven out ofthe 16 boxes studied have slopes within 10% of one. Biases are generally 
small, although a few boxes (OWS B, E, N, and T) have biases in excess of0.25 m/s. As 
an il!ustration of the results for a box with small slope and !arge intercept, Fig. 4 depicts 
measured vs. estimated wind speeds for the box araund OWS P. 

Figure 5 shows the global distribution of annual mean measured and estimated 
winds. Most of the !arge scale pattems of measured/estimated winds match quite weil, 
surprisingly even in the data sparse regions ofthe southem oceans. 

It is shown in da Silva et al. (1994) that our correction produces a consistent 
estimate of pseudo wind stress with a slope of 0.98 and small bias. However, there is a 
tendency to underestimate annual mean pseudo wind stressaraund 200 m2fs2. 

Effect on Long Term Climatology and Trends 

Figure 6 shows mean wind speed and standarddeviationvalid at 20 m for January, both 
corrected and the difference corrected minus uncorrected. In this calculation we used all 
quality contralled COADS data fram 1945 to 1989, correcting all estimated wind speeds 
according to eq. (6). Consistent with previous studies, corrected speeds exceed 
uncorrected winds by about 0.5 m/s in parts of the North Atlantic, with smaller 
differences in the North Pacific. The corrected standard deviation (Figs. 6c,d) is reduced 
in the extra-tropics, with a more pranounced reduction (- 0.3 rn!s) in the North Atlantic 
ocean. The corrected standard deviation is generally increased in the trapics with 
magnitudes araund 0.1 m/s in the eastem tropical Atlantic and Pacific oceans. Similar 
calculations for the month of July are given by da Silva et al. (1994). Due to the lower 
wind speed in July, the correction to the wind speed (not shown) is positive and greater 
than for January for most of the globe. Consistent with the findings of Cardone et al. 
(1990), we note a reduction in the linear trend for most ofthe globe due to our scientific 
Beaufort scale correction (not shown). This artificial linear trend can adversely impact 
studies of long terrn variability of the ocean-atmosphere climate system. 

Concluding Remarks 

Using individual Observations from the COADS Compressed Marine Reports 
(CMR5) we have praduced analyses of wind speed climatologies for the global aceans 
during the period 1970-89. Computing climatological wind speeds based on 
(anemometer) measured and (sea state) estimated ship reports we have analyzed the 
perforrnance of 4 current scientific Beaufort scales: a) WMO Code 1100, b) CMM-IV 
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(WMO 1970), c) Cardone ( 1969), and d) Kaufeld ( 1981 ). Our analysis confirmed 
previous findings that the old WMO Code 1100 scale underestimates lower wind speeds 
and overestimates high wind speeds. Nevertheless, the other three so-called scientific 
Beaufort equivalent scales have biases of their own, with the CMM-IV being more 
accurate for intermediate winds (5-9 m/s). Having established the need for a new scale, 
we proposed the following formula to correct estimated wind speeds in COADS: 

W.-w = 0. 7870Wold + 0. 9457 ~Wold 

where Wold is wind speed given in COADS based on WMO Code 1100 scale, and W.,w is 
our corrected estimate at a 20 m reference Ievel. Notice that the above formula is valid 
only for individual observations and cannot be applied directly to monthly mean wind 
speeds. Our proposed correction performs reasonably weil for all seasons, and 
marginally so in the southern hemisphere, where the poor sampling gives considerably 
more scatter compared to the northern hemisphere. For the month of January, there is 
also a poor correspondence between measured/estimated wind speeds in the Indian ocean. 
Overall, the new scale produces higher wind speeds throughout the globe, and reduced 
standard deviations. The magnitude of such corrections is generally !arger in July 
compared to January. In agreement with Cardone et al. (1990), the !ong termlinear trend 
is reduced for most of the globe. 

It is important to notice that the validity of our correction is dependent on the 
reliability of flag WI in COADS/CMR5. (Flag WI allows us to discriminate 
measured/estimated wind observations). Recently, S. Woodruff (personal 
communication) has brought to our attention results of some preliminary tests in which 
some wind reports flagged as measured were determined to be estimated. If such 
inconsistencies exist in COADS/CMR5 they have been incorporated in our scale, which 
effectively brings measured/estimated wind speeds into agreement. To settle this 
question detailed information about the reporting ships is required. Although in principle 
it is possible to compile some of this metadata, it is a formidable task and such 
information is not likely to be included in COADS in the near future. As more reliable 
data becomes available we will update our analysis to reflect these changes. In the 
meantime, we claim that the corrections proposed in this paper produce a more consistent 
estimate of COADS wind speed over the global oceans. 
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Table 1. Equivalent wind speed and intervals for WMO Code I 100 Beaufort equivalent 
scale and UWM Beaufort climatological scale. 

WMO Code 1100 UWM 
Beaufort Descriptive Interval of Mean Interval of Mean 
Number Tenn equivalent equivalent equivalent equivalent 

wind wind wind wind 
soeed speed speed soeed 

knots m/s rnls knots m/s m/s 
0 Calm 0- I 0.0 - 0.2 0.0 0-2 0.0 - 1.0 0.0 
I Lightair I - 3 0.3 - 1.8 0.8 3- 5 1.1 - 3.0 1.5 
2 Light breeze 4-6 1.9- 3.3 2.4 6-8 3.1-4.5 3.4 
3 Gentle breeze 7- 10 3.4- 5.4 4.3 9- 13 4.6 - 6.7 5.4 
4 Moderate breeze II - 16 5.5 - 8.5 6.7 14- 18 6.8- 9.7 7.7 
5 Fresh breeze 17- 2I 8.6 - 11.0 9.4 19- 23 9.8- 12.0 10.4 
6 Strong brceze 22-27 11.1-14.1 12.3 24-28 12.1 - 14.9 13.0 
7 Ncar gale 28- 33 14.2- 17.2 15.5 29-34 15.0- 17.7 16.0 
8 Gale 34-40 17.3- 20.8 18.9 35-40 17.8- 20.9 19.0 
9 Strong gale 41 - 47 20.9 - 24.4 22.6 41 - 46 21.0-24.1 22.4 
10 Stonn 44-45 24.5- 28.6 26.4 47-54 24.2 - 27.8 25.7 
I I Violent stonn 56- 63 28.7- 32.7 30.5 55- 60 27.9 - 31.4 29.3 
12 Hunicane >64 > 32.8 34.9 > 61 > 31.5 33.1 

Table 2. Performance of the UWM Beaufort climatological scale (base month: January) 
applied to data from several months. Slope, intercept, standard deviation ( a) and scatter 
are defined by equations (I) - (3). 

month slope interccpt (J" bias scattcr 
January 0.99 0.07 0.35 -0.00 0.35 
April 1.03 -0.21 0.34 0.01 0.34 
July 0.95 0.34 0.36 -0.01 0.36 
Octobcr 1.02 -0.20 0.40 0.04 0.40 
Annual 1.03 -0.24 0.18 0.01 0.18 
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Table 3. Interannual performance of the UWM scale near Ocean Weather Stations. Data 
are unanalyzed monthly means for so x so boxes araund Ocean Weather Stations. 
Estimatedlmeasured pairs are included only if more than 30 wind Observations occur for 
each month. The period covered is 1970 - 89 with the maximum nurober of data points 
being 240. Slope, intercept, standard deviation ( <Y) and scatter are defined by equations 
(l)-(3). 

NearbyOWS so x 5° box ccntcr No. months slop_c intcrcept (} bias scattcr 
A 62.5°N 32.5°W 98 0.56 4.02 1.27 0.07 1.47 
B 56.5°N 50.SOW 36 1.09 -1.20 L48 0.34 1.44 
c 52.SON 35.5°W 170 0.79 2.10 i .18 0.03 1.18 
D 44.5°N 40.5°W 199 0.92 0.84 0.96 -0.04 0.96 
E 35.5°N 47.5°W 215 0.91 0.56 0.93 0.26 0.89 
1 59.5°N l8.5°W 133 0.95 0.58 1.32 -0.06 1.32 
J 52.5°N 19.5°W 155 0.93 0.60 1.03 0.12 1.02 
K 45.5°N 15.5°W 215 0.95 0.48 0.73 -0.02 0.73 
L 57.5°N l9.SOW 224 0.89 0.94 1.17 0.18 1.15 
M 66.5°N 2.5°E 95 0.93 0.62 1.26 0.05 1.26 
N 30.5°N l39.SOW 235 0.93 0.25 0.83 0.29 0.78 
p 50.5°N 144.5°W 227 0.74 2.68 0.88 -0.03 0.88 
R 47.5°N l6.5°W 214 0.96 0.48 0.82 -0.04 0.82 
T 29.5°N l35.5°E 223 0.79 1.29 1.03 0.39 0.95 
V 34.5°N 164.5°E 180 0.95 0.58 1.10 -0.06 1.10 
X 39.5°N 153.5°E 206 0.78 2.12 0.96 -0.10 0.95 

Table 4. January scale applied to annual NH data by region. 

Region slopc intcrccpt (} bias scattcr 
N. Atlantic 1.04 -0.34 0.15 0.01 0.15 
N. Pacific 1.01 -0.12 0.17 0.01 0.17 
S. Atlantic 1.11 -0.79 0.26 0.01 0.26 
S. Pacific 1.00 0.04 0.31 -0.05 0.30 
Indian 1.08 -0.46 0.27 -0.10 0.25 
Trooics 1.03 -0.23 0.22 -0.00 0.22 

279 



Figure 1: The old WMO Beaufort scale (Code 1100) and four alternative scientific 
Beaufort scales; CMM-IV (WM0(1970), Cardone (1969), Kaufeld (1981) and our new 
scale (UWM) 
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Figure 2: Analyzed estimated versus measured winds (annual mean, northern 
hemisphere) with estimated winds based on several equivalent Beaufort scales: a) old 
WMO (Code 1100), b) CMM-IV (WMO, 1970), c) Kaufeld (1981) and d) Cardone 
(1969). Each point in this daigram corresponds to measured/estimated winds on grid 
point over the northern hemisphere oceans; the horizontal grid spacing is 1 o Iongitude 
by 1° latitude. 
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Figure 3: Analyzed estimated versus measured winds (northern hemisphere) with 
estimated winds based on several versions of our new Beaufort scale; a) the scale is 
developed based on annual mean data and used for annual mean estimated winds; b) as 
in a) but the scale is used on January mean data; c) as in a) but the scale is used on July 
mean data; d) the scale is developed based on January mean data and used for annual 
mean estimated winds; e) as in d) but the scale is used on January mean data; f) as in d) 
but hte scale is used on July mean data; g) the scale is developed based on July mean 
data and used for annual mean estimated winds; h) as in g) but scale is used on January 
mean data and i) as in g) but the scale is used on July mean data. 
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Figure 4: Estimate vs. measured winds for a 5 degree box around Ocean Weather 
Station Papa. Each dot corresponds to a monthly mean period 1970-89 in which more 
than 30 observations of each type were made inside the box. 
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Figure S.a: Analyzed annual estimated wind speeds over the global oceans. Our new 
beaufort equivalent scale has been used to produce the estimated winds. Contour 
interval 1 m/s. 
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Figuce S.b: Analyzed annual measured wind speeds over the global oceans. Contour 
interval 1 m/s. 

b) measured wind ann climatology 1970-89 
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Figure 6a: January mean wind speed (1945-89) over the oceans, including botb 
measured and estimated corrected winds; (contour interval: 1 m/s). 
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Figure 6b: January mean wind speed difference between corrected and reported wind 
speeds in COADS (contour interval: 0.1 m/s). 
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Figure 6c: January wind speed corrected standard deviation (1945-89) over tbe oceans, 
including botb measured and estimated winds (contour interval: 0.5 m/s). 
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Figure 6d: January standard deviation difference between corrected and reported wind 
speeds in COADS (contour interval: 0.1 m/s). 
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Abstract 

Using individual observations from the COADS Compressed Marine Reports 
(Slutz et al. 1985), we have computed revised global climatologies and anomalies of wind 
stress and heat fluxes. The flux computations utilize a revised Beaufort equivalent scale 
for estimated wind speeds, use wind speed reduced from an average anemometer height to 
I 0 m above sea Ievel, and include Large and Pond (1981, 1982) transfer coefficients. 

The magnitude of the revised climatological mean wind stress is smaller than 
estimates by previous authors, particularly in the Northem Hemisphere extratropics. The 
revised heat fluxes appear to overestimate insolation and underestimate evaporation. 
Using linear inverse theory, we have constrained the heat fluxes to balance globally. These 
constrained heat fluxes produce heat transport in the Atlantic in agreement with 
oceanographic measurements. 

Introduction 

In a companion paper, da Silva et al. (1995, this volume) discussed the development of a 
new Beaufort equivalent scale. This scale was developed in an attempt tobring measured 
and estimated wind speeds in COADS (Stutzet al. 1985) into closer agreement. When 
this revised scale is applied to individual observations, the climatological wind speed 
increases compared to uncorrected winds, but the wind speed standard deviation 
decreases. When the revised scale is used for wind stress calculation, climatological wind 
stress decreases over !arge areas of the oceans. This effect is primarily due to the decrease 
in wind standard deviation. When the revised scale is used for latent and sensible heat 
fluxes, latent heat flux is slightly !arger than the unrevised latent heat flux, and the revised 
sensible heat flux slightly smaller. In this paper we review the wind stress and heat flux 
products we have calculated using COADS individual observations and our revised 
Beaufort equivalent scale. We also describe the standard COADS Monthly Trimmed 
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Summaries versus our revised COADS Monthly Summaries, and we show the impact of 
the revised scale on wind stress and compare this resulting wind stress to that of other 
authors. We evaluate the impact of the new scale on heat fluxes, explain the derivation of 
the constrained heat flux product and compare this constrained product to the heat fluxes 
of other authors. The last part contains a summary of the important points of the study. 

Products 

The standard COADS Monthly Trimmed Summaries (MTS) are as follows (Slutz 
et al., 1985): Means and statistics are calculated globally in 2° x 2° latitude-longitude 
squares. No objective analysis is available with the standard release of COADS; the 
statistics are unfiltered and unsmoothed (although Oort and Pan [ 1986] applied an 
objective analysis to some ofthe 2° x 2° statistics). The observed quantities are winds, 
sea Ievel pressure, surface sea and air temperature, specific humidity, cloudiness, among 
others. Derived quantities include zonal and meridional momentum and heat fluxes as 
weil as other quantities. For any of the quantities involving wind, the WMO Code II 00 
Beaufort equivalent scale is used to convert the Beaufort force wind estimates to wind 
speed. The derived quantities which can be used for oceanic forcing are pseudo wind 

stress: Wu, W,, and pseudo heat fluxes: W(T, -Ta). W(q,- q ). To properly use these 
fields as forcing quantities one can assume the transfer coefficients are constant or 
introduce wind speed/stability effects using monthly means with the so-called classical 
method. 

The revised COADS Monthly Summaries we have produced differ from the 
standard MTS in several ways: only means, standard deviations, and number of 
observations are available on a I 0 x I 0 grid over the global ocean. In addition, an objective 
analysis has been applied to the means and Standard deviations in order to fill in cmpty 
ocean squares and filter out noise. The analysis we use is a successive correction scheme 
with a Bames response function-the same as used in Levitus (1982). Wehave the same 
observed quantities as the MTS and many of the same derived quantities. Our set also 
contains a few quantities, such as precipitation and shortwave radiation, that the MTS 
Iack. For any quantities involving wind speed, we use our revised Beaufort equivalent 
scale. While the MTS provide pseudo heat and momentum fluxes, our product provides 
shortwave and longwave radiation to/from the sea surface in addition to latent/sensible 
heat flux and wind stress. These two radiation termsarenot included in the MTS. Table I 
is a Iist of all fields we have calculated frotn the COADS individual observations. 

For use as oceanic forcing terms, we have computed climatologies and anomalies 
of wind stress and heat fluxes using wind speed dependent and stability dependent 

transfer coefficients. We use the Large and Pond ( 1981, 1982) formulations for C D• Cr, 

CE lf a wind Observation is estimated, we correct it using our revised scale. We then 
reduce the estimated or measured wind speed observation to I 0 m before computing the 
transfer coefficients. 
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Wind Stress 

The bulk formulation for wind stress is as follows: 

C N = neutral drag coefficient 

f = stability correction 

Z = lOm 

L = Monin-Obukhov length 

L = L(W,Ta ,T,- Ta ,q,- q) 

Note that the drag coefficient is composcd of the neutral drag coefficient and a stability 
correction. The neutral drag coefficient is a function of wind speed at I 0 m. The stability 
correction is a function ofthe height (10m) and the Monin-Obukov length. We convert 
the wind speed from the average anemometer height of 20 m to I 0 m using standard 
surface layer similarity theory. If a wind observation was measured from a buoy, we 
convert the wind speed from 5 m to I 0 m. 

Effect of Corrections 

To compare the effect of the revised Beaufort scale on wind stress, we compute 
two wind stress products. The first, revised or corrected wind stress, is calculated as 
explained above. The second, uncorrected, is computed the same as above except that the 
WMO Code 1100 scale is used for estimated winds and the anemometer height is 
assumed tobe I 0 m (i.e. no correction is made for height). 

Figure I shows the global zonal means of the winter (DJF) zonal wind stress. 
Although the fields we calculate are global, we show only 60° S through 60° N here. This 
figure shows the revised wind stress as defined previously and the unrevised wind stress 
(in W/m2). Notice that in !arge areas of the extratropics, the corrected (revised) wind 
Stress is less than the uncorrected wind stress. Although wind speed increases when the 
revised scale is applied, the wind stress decreases in many areas. This is mainly due to the 
!arge decrease in the standard deviation of the wind speed. 
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Comparison with Other Authors 

We compare our revised wind stress to the fields computed by other authors by 
studying the response of a simple model. The linear, barotropic model of Fanning et al. 
( 1994) of the North Atlantic ocean using smoothed topography was forced with our 
revised wind stress fields. We compare the seasonal Iransport anomaly through the 
Florida Straits in response to four different wind stress estimates (part of this comparison 
can be found in Fanning et al. 1994). Figure 2 shows the Iransport anomaly at the Florida 
Straits as calculated from cable measurements (Larsen 1992) and as calculated in response 
to four different wind stress estimates: 

I. Hellerman and Rosenstein ( 1983) who use ship winds and a rather !arge 

estimate for C n· 

2. Trenberth et al. (1990) who use ECMWF 1000mb winds as surface winds and 

the Large and Pond ( 1981) formulation for C n· 

3. Isemer and Hasse (1987) who correct Bunker's (1976) monthly mean values of 

wind stress (!arge C v) 

4. Our corrected wind stress as explained in this paper. 

The transport from the Isemer and Hasse wind stress has the largest anomaly. 

This is expected due to the !arge CD in the Bunker data and their Beaufort scale correction 
which increases wind stress. Our wind stress estimate produces the smallest Iransport 

anomaly of all. This results from the relatively small Large and Pond C n and our 
Beaufort/anemometer height correction which decreases wind stress over !arge parts of the 
North Atlantic. For this particular model, our corrected wind stress appears to 
underestimate ocean transport in the North Atlantic. 

We have also compared our wind stresses, over time, to pseudo wind stresses 
derived by Servain and Lukas (1990) and Goldenberg and O'Brien (1981). Figure 3 shows 
the temporal correlation between the pseudo stress magnitudes in northem winter (DJF) 
over two regions: the Tropical Atlantic and the Tropical Pacific. Figure 3 is the correlation 
between our wind stress and the Servain and Lukas (1990) pseudo wind Stress over the 
Tropical Atlantic. Note that several !arge areas have correlations exceeding 80% and 
correlations in most areas exceed 60%. Areas which. have lower correlations tend to be 
regions in which there are few Observations. Temporal correlations in the Tropical Pacific 
(Figure 4) between our wind stress and the pseudo stress of Goldenberg and O'Brien 
(1981) are not as high. This is not unexpected due to the scarcity of observations in the 
equatorial Pacific. Farther away from the Equator, where the observation density is 
higher, the correlations are higher. This is particularly evident in the northem hemisphere. 
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Heat Fluxes 

Using the COADS individual observations, we have also computed the four 
components of net heat flux: latent heat flux, sensible heat flux, incoming shortwave 
radiation, and outgoing longwave radiation. When computing latent and sensible heat flux, 
we use our revised Beaufort equivalent scale, reduce the winds to I 0 m, and use Large and 
Pond's (1982) transfer coefficients. 

Revised Scale and Constrained Product 

An accurate estimate for net heat flux will produce a physically consistent global 
heat balance. Here we check the consistency of our revised net heat flux. The vertically 
integrated heat budget equation for the oceans is 

where 

oH 
- + v.J{ = Q." ot 

H = Heat content 
J{ = Heat Iransport 

Q.,, = Net heat flux at the surface 

= Qsw-(QLw+QL+Qs) 

lntegrating over many years we assume the heat storage vanishes: 

V·H=Q 
"" 

Neglecting the heat storage, the average annual net heat flux over the global oceans must be 
zero: 

But, because Q "'' is computed as difference of !arge, uncertain terms, the condition above 

is not met. Figure 5 shows the mean annual net heat flux over the global ocean (in W/m2). 
It is clear that the amount of outgoing (negative) heat flux is not sufficient to balance the 
amount ofincoming (positive) heat flux. 
However, "small" adjustments in the bulk formulas can produce a physically consistent 
net heat flux. Following the method oflsemer et al. (1989), we use linear inverse theory 
(Menke 1984) to introduce non-dimensional correction factors to the bulk formulas. We 
assign a correction factor p to each term which is likely to be a source of error: 
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QLw = ~:aT:p,(0.39-0.05./e)(1- PxXc')+ 4~:aT;(T, -Ta) 

QL = p,pcpLECEW(q,-q) 

Qs = PsPCpCrW(B, -{}) 

We choose the transmissivity term of the clear sky radiation and the cloudiness 

term as Jikely sources of error in the shortwave formula (Q8 w ). For Jongwave radiation 

(QLw ), we choose the vapor pressure term and the cloudiness coefficient. For latent and 

sensible heat (QL,Q8 ) we combine the errors likely to be found in the transfer 
coefficients and the difference terms and assign a single correction factor to each of the 
two fluxes. We assume that each error is statistically independent of the others. In the 

original calculation ofheat flux, the factors Pr, ,p,,p,,px ,pL and Ps as are each equal to 
one. The goal is to find small corrections to the p 's so that the meridional heat transport, 
3{, is consistent with oceanographic measurements. We use linear inverse theory to 
calculate the small corrections. In order for the solution to be acceptable, the corrections 
to the p 's must be smaller than the error allowance for each correction factor. W e set the 
error Iimit for the latent and sensible heat flux factors to be 20%. The rest of the factors 
are allowed 10% error which is the approximate error for meridional heat flux 
measurements. As an example, we calculate the corrections so that the global meridional 
heat flux is constrained to zero at the southern boundary: 

opr, = -7% 

op, = +4% 

op, = +2% 

Opx=-1% 

opL = +15% 

op8 =+1% 

These corrections are smaller than the allowed error and thus are acceptable. The 
corrections serve to reduce shortwave radiation and increase evaporation. This finding is 
consistent with what Oberhuber (1988) did in order to balance his calculation of net heat 
flux, which was based on the classical method. 

Figure 7 shows the constrained meridional heat Iransport using the corrections 
listed above. The Iransport (in J015 W) is shown for the global ocean and for each 
individual ocean. Three measurements of meridional transpoft in the Atlantic are also 
shown. Our constrained Atlantic Iransport is within the error bars of Wunsch's (1984) 
and Hall and Bryden's ( 1982) measurements. Our Atlantic Iransport does not approach 
the measurement of Rago and Rossby (1987) who admit their measurement to be rather 
!arge. Figure 6 shows the constrained annual mean net heat flux. The negative and positive 
regions ofnet heat flux (in W/m2) now balanceout globally; the equilibrium considerations 
are met. 
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Comparison with Other Authors 

The main component of the outgoing portion of net heat flux is the latent heat 
tlux. For simplicity we compare orfly our constrained latent heat flux to other authors. 
Figure 8 shows zonal averages of global latent heat flux (in Wfm2) in winter for various 
authors. Our revised latent heat flux, Iabeled "UWM" is shown in comparison to 
Oberhuber (I 988), and Esbensen and Kushnir (198 I), whose data are obtained from ship 
observations. We also compare our flux to the latent heat flux estimated by Busalacchi et 
al. (1993) derived from SSM/I satellite measurements ofwinds with fields oftemperature 
and moisture from the Goddard Labaratory for Atmospheres Fourth-Order General 
Circulation Model. 

In general, our revised, constrained latent heat flux is greater than that derived by 
other authors. This is mainly due to the 15% increase in latent heat flux obtained when we 
apply the constraint parameters. The latent heat flux of the other authors only exceeds 
our constrained flux in two regions. The first is south of about 40°S where the derived 
fields are unreliable due to low Observation density (with the probable exception of 
SSM/I). The second region in which our latent heat flux is Iess than the other authors' is in 
the northem hemisphere extratropics. Our revised latent heat flux tends to be Iess than 
Oberhuber's (I 988) estimate north of around 35°N. Oberhuber used a value for 
Chamock's constant nearly six Iimes the value we use. This increases his latent heat flux 
estimate significantly in regions where the friction velocity is high, namely north of 
around 30°N in the Atlantic and Pacific during the northem hemisphere winter. 

Our revised latent heat flux is generally greater than that of Esbensen and Kushnir 
(1981 ), who calculated their flux using the classical method. In some cases, this method 
can produce latent heat flux values greater than the method using individual observations 
(Esbensen and Reynolds 1981). At low to moderate wind speeds, their transfer 
coefficients (Liu et al. 1979) tend to be much smaller than our transfer coefficients in 
unstable conditions, but slightly !arger in neutral or stable conditions. As the winter 
marine atmosphere is definitely unstable north of 40° N. it appears that the Esbensen and 
Kushnir latent heat fluxis greater than or equal to ours north of 45° N due to either their 
monthly mean calculations or a difference in the data sets. 
The SSM/I latent heat flux is greater than our revised latent heat flux north of 20°N. A 
similar pattem does not exist in the sensible heat flux which teils us that the excess is not 
due to a wind speed difference. The difference must lie in the analyses of temperature 
andlor moisture. Compared to Isemer and Hasse (1987) [comparison not shown] our 
latent heat flux is smaller. This is due to the same reasons that their wind speed exceeded 
our revised wind speed: the Large and Pond transfer coefficients that we use tend to be 
smaller than their coefficients and their Beaufort correction tends to increase wind speeds 
by a !arger amount than does our correction. 

Concluding Remarks 

Our revised wind stress fields, computed from COADS individual observations 
using our revised Beaufort equivalent scale, Large and Pond transfer coefficients, and the 
anemometer height reduction, are smaller than previous estimates. The revised stresses 
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"under estimate" the Iransport anomaly through the Florida Straits in a linear barotropic 
model. However, a study in progress shows that, used in a tropical model, the revised 
stresses produce a realistic climatology and interannual variability of sea surface 
temperature in the Tropical Atlantic ocean. 

Heat fluxes computed solely from the bulk formulas appear to overestimate 
shortwave radiation and underestimate evaporation. Thus they are not able to satisfy 
global equilibrium conditions. By using simple linear inverse theory we can impose small 
corrections upon the bulk formulas to produce heat Iransports in agreement with some 
oceanographic measurements. Our constrained latent heat flux is generally greater than the 
latent heat fluxes of other authors. 
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Table 1: Variables in the UWM/COADS data set 

File Name Units Description 

auoens.nc kg/m3 sea Iever auoenstty 

bouy5.nc kg/(m31 constramed bouy ftux 

cloud.nc fraction of 1. fracuonal cloudiness 

evaprate.nc mm/(3 hours) evaporation rate 

tvcubed.nc m3/s3 ocean fnctwn veloctty cubed 

tcemask.nc (none) icemask 

latent3.nc Wlm2 corrected latenflieaf ftux 

longrad.nc W/m 2 outgomg longwave radiatwn 

netheat5.nc W/m2 constramed net heat tlux 

prectp6.nc mm/(3 hours) precipitatwn rate 

qatr.nc glkg specific humtdity 
' qs_qa.nc g/kg qsea mmus qmr 

qsea.nc glkg sea Ievel specific huffildtty 

rh.nc '7o relative humtdtty 
sat.nc c sea Ievel mr temperature 
sensib3.nc W/m2 corrected sensible heat ftux 

shortrad.nc W/m2 mcommg short wave radiauon 

slp.nc mb sea Ievel air pressure 
sst_sat.nc c sea minus atr temperatue 
sst.nc c surface temperature 
taux3.nc Nlm2 correctea zonal wmd stress 

tauy3.nc N/m2 corrected mendwnal stress 

u3.nc mls correctea zonar wmd 
ua.nc Km/s zonal heat ftux 
uq.nc mls zonal moisture flux 
v3.nc m/s correctea mendionaiirux 
va.nc Kmls meridional heat ftux 
vappress.nc mb vapor pressure 
vlrtemp.nc c Vlrtual temperature 
vq.nc m/s mendwnal moisture ftux 
w3.nc mls corrected wmd speed 
zdl.nc (umtless) IOrni(Monm ObtiKov length) 
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Figure 1: Zonal wind stress averaged zonally over the globe (N/m2) for boreal winter 
(DJF). Revised stress (Corrected, solid line) is computed using the revised Beaufort 
scale with anemometer height reduction to 10 m. U ncorrected (broken line) stress is 
computed using the WMO Code 1100 without anemometer height reduction. 
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Figure 2: Transport anomaly (Sv) through the ßorida Straits observed from cable 
measurements (shown with error bars) [Larsen 1992] and from a linear barotropic 
·nodel using smoothed topography. Modeled transport is in response to wind stress 
ields from (IH) Isemer and Hasse [1987], (HR) Hellerman and Rosenstein [1983]. (TR) 
frenberth et al., [1990], and our (DS) corrected wind stress. 
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Figure 3: Correlation (%) between our revised wind stress and psuedo wind stress 
derived by Servain and Lukas (1990) for boreal winter (DJF). 
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Figure 4: Correlation (%) between our revised wind stress and psuedo wind stress 
derived by Goldenberg and O'Brien (1981) for boreal winter (DJF). 
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Figure 5: Revised, but unconstrained annual mean net beat ßux over the global ocean 

(W /m2
). Heat ßux is computed using the revised Beaufort scale with anemometer height 

reduction to 10m. 
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Figure 6: Revised, constrained annual mean net heat flux over the global ocean (W/m2). 

Heat flux is computed using the revised Beaufort scale witb anemometer height 
reduction to 10m and constraineed so that the global meridional beat transportat the 
southern boundary is zero. 
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Figure 7: Meridional heat Iransport (1 PW=1015W) calculated from constrained net 
heat flux. Heat flux is computed using the revised Beaufort scale with anemometer 
height reduction ot 10 m and constrained so that the global meridional heat Iransportat 
the southern boundary is zero. Three oceanographic measurements for Atlantic heat 
Iransportare shown with error bars: (R) Rago and Rossby [1987], (H) Hall and ßryden 
[1982], (W) Wunsch [1984]. 
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Figure 8: Zonal averages of latent heat flux (W/m2) over the globe for boreal winter 
(DJF). Our revised, constrained latent heat flux [solid line] is compared to the latent 
heat fluxes of Oberhuber et al., (1988) [long dash], Esbensen and Kushnir (1981) 
[medium dash], and Busalacchi et al., (1993) [short dash]. 
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