1.- Introduction

An important characterist ic ofthe troposphere over the west coast ofSouth Amer ica is the extreme dr yness alo ng the Atacama Desert. A strong and highlyper manent subtropical ant icyclo ne and the cold oceanic Humbo ldt Current are the main factors for this ar idit y. Dur ing ear lyhours, dense stratocumuli( ^camanchacas~) are usuallycover ing the coastaldesert. An annual cycle, E lNiño Southern Oscillat ion (ENSO), and a drastic change dur ing the mid 70´s are var iabilit ies obser ved dur ing the year s in northern Chile [17] [18].

The NCEP/NCAR Reanalysis pro ject reanalyses historicalat mospher ic data fro m1948 to the present using state-of-the-art models. The data is obtained fro m many internationalsources.

SpectralStatist ic I nterpolat ion and the GlobalSpectralModelare used for data assimilat ion.

Finally, the output NCEP/NCAR Reanalys is data files o fthe atmospher ic var iables are in a 17 vert icalpressure levelon a 2.5º x 2.5º globalgr id ever y6 hours.

The object ive o fthis work is to studya 52-year monthlyaverage ser ies ofPressure,

Temperature, Specific Humidit y, and Precipitable Water Vapour (PWV) using the NCEP/NCAR

Reanalysis data at the closest grid point (25.0º S, 70.0º W) to Paranal, at the sur face and at 850,

500, and 300 mb.

Section 2 descr ibes the NCEP/NCAR Reanalysis pro ject and its three major modules

(data decoder and qualit ycontrolpreprocessor, data assimilat ion, and reanalysis output module).

A discussio n ofthe reliabilit yo fthe reanalysis data and a descr iption ofprevious studies in

Visvir iand Chajnantor are included. Section 3 descr ibes the climatologyofthe Atacama Desert and shows the estimat ions used for the Paranalarea. Section 4 shows the methodologyused for this work, explaining how the data is obtained and how is displayed using GrADS and Mat lab.

Section 5 shows the analys is ofthe data, where the atmospher ic var iables Pressure, Temperature,

Precipitable Water Vapour, and Specific Humidit yare displayed for the per iod from1948 to

September 2000, at the surface and at 850, 500, and 300 mb. The analysis focuses in seasonaland interannualcycles rather than daily cycles. Section 6 concludes fromthe analysis obtained fro m the NCEP/NCAR Reanalys is data and gives so me suggest ions for future works.

2.- Overview o f the Reanalysis System

2.1.- Reana lys is syste m

The NCEP/NCAR Reanalysis pro ject is a jo int project between the NationalCenter for

EnvironmentalPredict ion (NCEP, former ly^NMC~) and the National Center for Atmospher ic

Research (NCAR). The goalofthis jo int effort is to produce new atmospher ic analyses using historical data (1948 onwards) and also to produce analyses ofthe current atmospher ic state

(Climate Data Assimilat ion S ystem, CDAS). This effort invo lves the recover yofland sur face, ship, rawinsonde ( ra diosonde and win d observations), pibal( pi lot bal loon obser vat ions), aircraft, satellite, and other data.

The basic idea ofthe reanalysis pro ject is to use a frozen state-of-the-art analysis/forecast systemand per formdata assimilat ion using past data from1948 to the present (reanalysis). The

SSI analysis and the T62 GlobalSpectralModelare two ofthe three principle co mponents (the third being the observation qualit ycontrolprograms) ofthe data assimilat ion module. A 6-hour forecast is per for med to do analysis . The SpectralStatist ics Interpolation (SSI) corrects the time integrat ion toward the observed values. Then, the reanalysis is done at NCEP using T62 Global

SpectralModelof28 vert icallevels. The systemcyc les on itself. The T62 GlobalSpectralModel mo ves the systemalo ng in t ime, the SSI corrects the time integration toward the observed values, providing the init ial condit ions for the next 6-hour integration. The output reanalys is files of atmospher ic var iables are on a 2.5º x 2.5º globalgrid o f17 vert icallevels ever y6 hours.

The same frozen analysis/forecast systemwill continue to performdata assimilat ion into the future so that climate researchers can asses whether current climate ano malies are significant when co mpared to a long reanalysis wit hout changes in the data assimilat ion system

The next three sections (2.2, 2.3, and 2.4) are mainly based on the work made byKalnay et al[1]. The NCEP/NCAR reanalysis systemhas three major modules: Data decoder and qualit y controlpreprocessor, Data assimilat ion module, and Reanalysis output module.

2.2.- Data decoder and qua lity control preprocess or

This is a major task performed at NCAR. Surface and upper-air observat ions are prepared for reanalysis refor matting the data coming fro mmany different sources into a unifor mBUFR

(Binar yUniversalFormat Representation).

2.2.1.- Data collection

The data is obtained world-wide fro m many internat ional sources such as Global

Teleco mmunicat ion S ystem(GTS), NOAA/Nat ional EnvironmentalSatellite Data and

Infor mat ion S ystem(NESDIS), Geophysical Fluid Dynamics Laboratory(GFDL), United

Kingdo mMeteorologicalOffice (UKMO), Japanese Meteorological Agency( JMA), European

Center for Medium-Range Weather Forecasts (ECMWF), among others.

The collected datasets are:

- Global rawinsonde data

- COADS (Comprehensive Ocean-At mosphere Data Set) surface mar ine data

- Aircraft data

- Surface land synopt ic data

- Satellite sounder data

- SSM/I (SpecialSensing Microwave/I mager) surface wind speeds

- Satellite cloud drift winds.

Most ofthis infor mat ion covers the per iod fro mabout 1948 to the present, with so me data not available for different periods. For example, the rawinsonde obser ving networks for

Antarctica and the West Coast ofSouth Amer ica did not start untilJuly 1957, new satellite data is beco ming available throughout the years, SSM/I became available in July 1987, etc.

On the quest ion on how to handle the inevitable changes in the observat ion system,

(specially new satellite data) the use ofallthe available data at a given time was chosen instead ofselect ing a subset ofthe observations that remain stable throughout the period ofreanalys is.

This lead to an analys is that is as accurate as possible throughout the 52-years reanalys is.

2.2.2.- Data preprocessor

The purpose ofthe preprocessing reanalysis module is to reformat the data coming from many different sources into a unifor mBUFR format.

The preprocessor also detects major data problems, such as wrong dates, wrong locat ions, satellite data with wrong longitudes, garbled informat ion, etc. The preprocessor includes preparation ofthe sur face boundar ycondit io ns

- Satellite data: A special ^satellit e TOVS (TIROS-N Operational Vert icalSounder) soundings data monitoring system~ has been developed to qualit y controlofthe data in the NESDIS archives tapes that can suffer fro merrors in dates and orbits. Satellite data in gr id boxes of

10º x 10º, as well as single satellite obser vat ions, are qualit ycontrolled.

- Complex Qualit yControlwith temporalcheck: The CQC system(descr ibed in 2.3) is included in the preprocessor but without the use ofthe first-guess ofthe model. It allows for the detection ofchanges in the station locat ions.

- Climatological Qualit yControl(QC) test ofdata: It checks expressing an obser vat ion ano maly in units ofstandard deviat ion with respect to climatologystatist ics. Such a check allows human monitors to check for unusualdata present in unusualamounts, before the execution ofthe monthly reanalysis, and provides Opt imalI nterpolation Qualit yControl

(OIQC) with addit ional infor mat ion that can be used by its Decisio n Making Algorithm

(DMA) as input to reanalys is.

- Boundar yfields: The fo llowing analyses and climatologies are used:

- Sea Sur face Temperature (SST): The United Kingdo mMeteorological Office

(UKMO) Glo balIce and Sea Surface Temperature dataset (GISST) is used before

1982 and Reyno lds reanalysis for 1982 on, when Advanced Ver yHigh Reso lut ion

Radio meter (AVHRR) data became available.

- Snow cover: The modeluses NESDIS (NOAA/Nat ionalE nvironmentalSatellit e Data and Infor mation S ystem) weeklyanalyses and climato logy, updated weekly.

- Sea ice: Ice fields der ived fro mJo int Ice Center analyses when available ( before

1979), Scanning Mult ichannelMicrowave Radio meter/SpecialSounding

Microwave I mager (SMMR/SSMI) (1979-1993), and Grumbine algorithm

(beyo nd 1993) are being used. These have been incorporated into the SST analysis so that all values below ˘1.8ºC are considered sea ice.

- Albedo: The work done byMatthews (1995) is used [2].

- Soilwetness: The modeluses [3] and [4] soil model.

- Roughness length: It is obtained fro mS imple Biosphere Model(S iB) [5].

- Vegetation resistance: Same as roughness length, fromS iB.

2.3.- Dat a assimilation module

The central module is the data assimilat ion, which has the fo llowing characteristics:

- Analys is Scheme: SpectralStatisticalI nterpolation (SSI), a three-dimensio nalvar iat ional analys is scheme is used as the analysis module [6] [7]; An important advantage ofthe SSI is that the balance imposed on the analys is is valid throughout the globe, thus making unnecessar ythe use ofnonlinear normal- mode inizia litation. I mprovements in error statist ics and the use ofthe full tendency ofthe divergence equation in the cost function are included.

- Model: The T62/28-level (Tr iangular 62-waves truncation) NCEP Global SpectralModelis used with 28 vert icallevels and a 210 kmhorizontalreso lut ion. The modelincludes parameter izat ions ofallmajor physical processes, like convect ion, large-scale precipitat ion, shallow convect ion, gravit ywave drag, radiat ion with diur nal cycle and interact ion with clouds, boundar yla yer physics, an interactive sur face hydrology, and vert icaland hor izontalprocesses. Details o fthe modelare descr ibed in [8] and [9].

- Complex Qualit yControlofrawinsonde data: The method ofcomplex qualit ycontrolCQC is used to qualit y controlrawinsonde heights, temperatures and the mandatoryand significant levelrawinsonde winds [10].

- OptimalI nterpolat ion Qualit yControlofalldata: OIQC detects and withhold the data containing gross errors generated byinstrumental, human, or communicat ion-related mistakes that mayoccur dur ing the process ofmaking or transmitting obser vat ions [11]

[12].

- BUFR observation ^event~ files: The final step in observation preprocessing (section 2.2.2) conso lidates inco ming data fro mall sources into BUFR files. Provisions have been made to archive in the reanalysis BUFR files, alo ng with each originalobser vat ion, a spectrum ofprocessing infor mation, co llect ivelyknown as ^events~. These indicate the observat ion´s source, all qualit ycontroldecisio ns and their sources, a historyofall modifications made to the observation pr ior to the analysis, and var ious background quant it ies relevant to the analysis process ( i.e. interpolated first-guess values, interpolated analyzed values, interpolated climatological values and var iances, and observat ion errors estimates).

- OptimalAveraging ( OA) [13]: NCEP/NCAR Reanalys is includes not only the computation ofgr id point values but also temporaland spatialaverages over some prescr ibed areas.

This OA method increases the abilit yfor detection ofclimate change.

- Per iodic forecasts fromthe reanalysis: 8-dayforecast ever y5 days are per formed, usefulfor predictabilit ystudies, indir ect estimates ofthe accuracyofthe analys is, and estimates of the impact ofchanges in the obser ving systems.

2.4.- Reana lys is output module

The reanalys is g r idded fields have been classified into four classes, depending on the relat ive influence o fthe observat ionaldata and the modelon the gridded var iable. An A-class indicates that the analys is var iable is stronglyinfluenced byobser vat ionaldata, and hence it is the most reliable class. B-class indicates that, although there are obser vat ionaldata that direct ly affect the value ofthe var iable, the modelalso has a ver ystrong influence on the analysis value.

C-class indicates that there are no observat ions direct lyaffect ing the var iable, so that it is der ived solely fro mthe modelfields forced bythe data assimilat io n to remain close to the atmosphere. Dclass represents a field that is obtained fro mclimatological values and does not depend on the model. A list ofoutput variables in GRIB for mat classified byclass and pressure levels is included (appendix 1).

The reanalys is output module includes severaldiffer ent archives:

- BUFR observationalarchive: Reanalys is obser vat ionaldata undergo mult iple processing stages in BUFR format.

- Main synopt ic archive: Contains a large number ofanalys is and first-guess ^pressure~ fields at 00:00, 06:00, 12:00, and 18:00 UTC on a 2.5º lat itude x 2.5º longitude gr id. It also contains the ^flux~, ^diagnostic~, and ^sigma~ files used on the modelGaussian gr id 192 x 94 points, and restart files at fullreso lution.

- Reduced ^time ser ies~ Archive: This archive contains basic upper-air parameters on standard pressure levels saved in GRIB and NetCDF for mat readable wit h GrADS (Gr id Analysis and Display S ystem) software. The 17 pressure levels used are 1000, 925, 850, 700, 600,

500, 400, 300, 250, 200, 150, 100, 70, 50, 30, 20, and 10 mb. Data fields are saved on a

2.5º lat x 2.5º long gr id (144 x 73). It contains data fro m1948 onwards, 4x daily at 00:00,

06:00, 12:00, and 18:00 UTC, dailyand mo nthlyaverages and long-termmean.

- Quick- look CD-ROM: Database that fit in a small (1 per year) number ofCD-ROMs.

- Automat ic monitor ing systemfor the reanalysis output: At the end ofeach month of reanalysis, t ime ser ies at all standard pressure levels are checked with a preliminar y climatologybased on NCEP´s GDAS. Monthlyaverages, standard deviat ions ofmonthly mean, ofthe tendency, and ofthe interpolat ion check are computed.

The files used for this studyare the Reduced ^t ime ser ies~ Archive provided bythe

NOAA-CIRES Climate Diagnostics Center, Boulder, Colorado, USA, fromtheir Web site at http://www.cdc.noaa.gov/

The ser ies selected for this work are monthlyaverages and long-ter m mean for surface

Pressure; sur face, 500, and 300 mb Temperature; sur face Precipitable Water Vapour; and 850,

500, and 300 mb Specific Humidit y. The ser ies start fromJanuar y1948 to September 2000, for a gr id point located at 25.0º S latitude, 70.0º W longitude.

2.5.- Reliability ofthe atmosphe ric rea na lys is

The NCEP/NCAR reanalys is produce a 52-year dailyatmospher ic and sur face fields, which, for some var iables, is close to a best estimate ofthe evolving state ofthe atmosphere. The analys is cycle, with the use ofthe 6-hour forecast as a fir st guess, is able to transport infor mation fro mdata-rich to data-poor regions, so that even in relat ivelydata-void areas the reanalys is can estimate the evo lution o fthe atmosphere over both synoptic and climatologicalt imescales.

According to [1], upper-air mass, temperature fields, u-v winds, (A-class) are generally well defined bythe observations and, given the statist ical interpolation ofobservat ions and first guess, provide an estimate ofthe state ofthe atmosphere better than would be obtained using observat ions alone. Pressure and temperatures at ground level, relat ive humidit y, precipitable water vapour, (B-class) are partially defined by the obser vat ions but are also strongly influenced bythe modelcharacter ist ics.

Thousands ofstudies have used NCEP/NCAR Reanalys is data over the years. Recent ly, it has been noted that although the reanalysis systemhas remain essentially unchanged dur ing the

50 years processed, there were two major changes in the obser ving system[14]. The fir st took place dur ing 1948-1957, when the upper-air network was graduallybeing established, and the second in 1979 when the globaloperation use ofsatellite soundings was introduced. This new satellite data resulted in a significant change in the climatology, especiallyabove 200 mb and south of50º S, suggesting that the climatologybased on 1979 to present dayis more reliable. The

8-day^reforecasts~ indicate that the first decade is much less reliable than the last four.

The same authors indicate that reanalys is can be used for daily to seasonaland interannual timescales. Because ofthe changes in the obser ving system, estimat ion oftrends ( interdecadal) with the reanalysis is not recommended. However, ifit is attempted, severalchecks should be also performed. Amo ng them:

a) Check the observat ional coverage that was available to the reanalys is, and remember that rawinsonde observat ions are much more important than sur face obser vat ions for reanalysis (remember that the rawinsonde observing networks for Antarctica and the

West Coast ofSouth Amer ica did not start untilJuly 1957) .

b) Compute the trends for the periods before and after 1979 separately. The climatology before 1979 is more dominated bythe modelclimatologyin data sparse areas, leading to the generat ion ofspur ious trends.

c) Compute the trends for more than one reanalys is. Agreement among the reanalyses increases their reliabilit y, although it is not sufficient to ensure it.

2.5.1.- The Visviri e xp erime nt

An important work to compare the NCEP/NCAR reanalys is data with upper-air observat ions in the South Amer ican Alt iplano is presented in [15]. This is part ofa project aimed to improve the understanding ofregio nalclimate dynamics dur ing the wet season in the South

Amer ican Alt iplano. Intensive sur face and upper-air measurements (4 rawinsonde measurements per day) were carried out at Visvir i (17.60° S, 69.50° W, 4,070 m) dur ing two 10-days per iods in

Januar y1994 (Visvir iI) and Januar y1995 (Visvir i II). Soundings were per for med at 09:00,

13:00, 17:00 and 21:00 hours (localtime) in Visviri I, and at 09:00, 13:00, 18:00 and 24:00 hour

( localtime) dur ing Visvir i II. The average vert icalpro files oftemperature, humidit y, wind and geopotential height, and the associated diurnal cycles were compared with those obtained fro m the NCEP/NCAR reanalysis at the closest grid po int (17.50° S, 70.00° W).

The result ofthis co mpar ison shows that reanalys is captures the major features in the vert icalstructure ofthese var iables and also the interannual changes froma relatively wet period in Visvir i I to a much dr ier condit ions in Visvir iII. Nevertheless, so me discrepancies, both in the strength and timing ofthe diur nalcycle and particular ly in the westward transport ofwater vapour across the Andes, were found. These values are significant lyunderest imated bythe reanalysis. There are also significative differences at ground level.

These sur face and daily cycle differences have been considered at the Department of

Geophysics ofUniversit yo fChile. Apparent ly, different reanalys is verticallevel data than the used in Aceituno and Montecinos [15] can reduce these discrepancies (R. Garreaud 2000, personalco mmunicat ion).

The results obtained in [15] are coherent with the finalco mments of[14] on that the

NCEP/NCAR reanalys is data has proved to be particular ly usefulin the studyofthe spatial patternofclimate var iabilit yat different timescales. Daily, seasonal, and interannual var iabilit y is well captured byreanalysis, though long-termtrends are not well represented specially in the southern hemisphere because ofthe sparse data and that the observat ion network started at a much later time that in most ofthe northern hemisphere.

2.5.2.- Comparison for the Chajna ntor Area

Another important work that compares NCEP/NCAR Reanalysis data with ground observat ions is presented in the work ofBustos et al[16]. This work compared NCEP/NCAR data on a grid point located 60 Kmnorth fromChajnantor in north-western Chile (II Region) with

Chajnantor ground stations data for a 5-year per iod. The compar ison ofthe NCEP/NCAR reanalysis data and the actualdata measured on site during the last five years is ver ygood and thus it is believed that the reanalysis data can be used to studythe long-ter mclimatological var iat ions on Chajnantor. Cross-correlation values obtained for monthly average ser ies ofP WV and Temperature are 0.79 and 0.87 respectively.

For the PWV compar ison, the work showed that the PWV data de termined froma 225

GHz opacit ymeasurements is wellfo llowed byreanalys is. Tendencies for the PWV dur ing summer s from1996 to 2000 were found similar, and the signature ofthe winters was clear ly seen. However, during part ofthe time the reanalysis P WV data did not agree on magnitude with measured PWV radio meter data, speciallyfor the August 1997 to June 1998 per iod.

For the temperature compar ison, NCEP/NCAR reanalysis temperature data fo llowed the same trend as the temperature obser ved at Chajnantor. In fact, a cross-correlat ion value o f0.87 indicated a good reliabilit y ofthe reanalysis temperature data. Maximumtemperatures during summer of1998 and 1999 was underest imated byreanalysis, though descending tendencies of average temperatures during summer of1998 to 2000 were captured in both cases.

3.- Climatologyof Atacama and so me estimations

3.1.- Climatology ofAtaca ma

The extremely ar id Chilean ^Norte Grande~ extends north of30º S, beginning wit h a light lyhumid area where the mar ine layer can penetrate far inland alo ng a few deep transversal valleys. Beyo nd the Copiapo River at 27º S, the arid Atacama Desert extends along the central depressio n or pampas between the Andes and the coastalrange, with minor interruptions up to the Peruvian border. Chile raises fro mthe Pacific Ocean along a fault cliffwhich explains the narrowness ofcoastalplains and the continentalshelf. The extraordinar y persistence and intensit y ofthe subtropicalanticyc lo ne has been attributed to the presence ofthe Andes Cordillera that prevents an eastward drift ofthe systemand the stabilising effect ofthe Humboldt Current [17].

Fromwest to east, three dist inct arid zones can be ident ified through the Chilean Desert.

The westernmost portion corresponds to the coastaldesert, gener ically used for those arid areas under the per manent influence ofthe mar ine layer. Typicalelevat ions of1,500 [m] restrict the inland influence o fthe moist mar ine layer to relat ively low areas, where stratocumuli can occasionallypenetrate during night-time and ear ly morning hours. It is character ised bysmall diur naland annual temperature ranges and with relat ive humidit ies between 70 and 80 %. The typical stratocumulus cloud deck defines the vertical boundar yo fthe mar ine layer almo st all the time in winter. However, the clouds get usually thinner or disappear for a few hours in the afternoon. During summert ime, clouds do occur about 50 % ofthe time but theynormally dissipate in the late morning. Along the coast, surface pressure has a clear correlat ion with sur face water temperature, with cold temperatures associated to high pressure and vice versa.

The adjacent zone corresponds to the inter ior or Atacama Desert, extending between the coastalrange and the Andean piedmo nt, western boundar yo fthe area ofinfluence ofsummer mo isture and precipitat ion. The Atacama is character ised by large diur naland annual temperature ranges and ver ylow relat ive humidit ies in the afternoon. Relative humidit ies dur ing night-time and morning hours are quite var iable, depending on the location and proximit y to the coastal mountains. Occasio nal penetration ofdense fogs (^camanchacas~) are evidenced byrecords at

Baquedano (23º S) during night-time [19].

The Andean piedmo nt climate is chara cter ised by having summer precipitation, moderate temperatures throughout the year and gradualincrease o frainfall wit h alt itude.

ElNiño Southern Oscillat ion (ENSO) is the most important ocean-atmosphere coupled pheno menon causing glo balclimate var iabilit yon interannual t ime scales. During an ^elniño~ event, the waters in the Pacific Ocean becomes war mer than usual, while in ^La Niña~ times, the waters becomes colder in a var iable 2 to 6 years per iod. This change in water temperature triggers a ser ies ofglobal events affecting the localweather condit ions, including those at the astronomical obser vatories [16].

Trends ( interdecadalvar iabilit y) are mostlyinfluenced bya sudden change produced dur ing the mid 70´s. An increase in the sea-sur face temperature in the Chilean coastalpresented in late 1976, increased the air temperature in the complete troposphere. Those changes would be associated with a general intensit yweakening ofthe subsidence inversio n ( inferred fro m humidit ychanges and stratocumuli nubosit y) consistent with the decrease o fthe average value of the Southern Oscillat ion Index registered as of1976 [18].

3.2.- Ground stations a nd rawinsonde data near Para na l

The data collect ion descr ibed in sect ion 2.2.1 includes severalChilean ground stations and rawinsonde data. The closest Chilean ground station to the Paranalarea is Antofagasta / Cerro

Moreno (23.43º S, 70.45º W, 140 m.a.s. l) that obtains rawinsonde data ever ydayat 00:00 and

12:00 UTC and surface obser vat ions.

A co mplete view o fground stations near the Paranalarea can be seen on figure 1. The ground stations used for NCEP/NCAR Reanalys is in Peru, Bolivia, Paraguay, Chile, and

Argent ina that appear on this figure are listed in Appendix 2. Some ofthese stations are both ground and rawinsonde station. A co mplete list worldwide can be found at:

http://www.cpc.noaa.gov/products/analys is_mo nitoring/cdus/prcp_temp_tables/librar y.txt

The map shows 47 ground stations (green dots). The availabilit yo feach station is not always per manent and depends on human factors to send the data correctlyto NCAR or to other appropriate organizat ion. Extra data can be obtained fro mdifferent temporaryground stations or byrawinso nde exper iments.

Fig.1: Ground stations aregr een dott ed on themap. Red cr osses aregridded points fromrea nalysis output files. Central red circlecorresponds to t heclosest grid point to theParanal site(blue square).

3.3.- Genera l estimations for Para na l

The main est imat ion for this work is the use of NCEP/NCAR Reanalysis data at the closest grid point (25.0º S, 70.0º W) to Paranal(24.62º S, 70.40º W). This gr id point is located 60

[Km] north-west fromParanalat a geopotentialheight at the surface of1,843 [m] according to the NCEP/NCAR reanalysis (D-class var iable), but its geographical alt itude might be closer to

1,940 [m] according to maps ofthe area.

As a first estimat ion, abso lute surface values for this gr id po int do not correspond to abso lute values for the Paranalsite at 2,635 [m]. However, var iat ions, tendencies, and ano malies ofthese values can be considered similar at both sites.

4.- Methodology

4.1.- Downloading the NCEP/NC AR Reana lys is files

The NCEP/NCAR Reanalysis files used for this work are available at:

http://www.cdc.noaa.gov/cdc/data.nmc.reanalysis.ht ml

In this web page, there are boxes to select among Pressure Level Data, Surface Data,

Surface Flux Data, Other Flux Data, Tropopause LevelData, and T62 SpectralCoeffic ients. The inputs are the desired var iable, pressure level, axis dimensio n ( longitude and lat itude), and time range. The selected data are:

Variable

Selections Pressure Temperature PWV Specific humidit y

T ype Monthly average Monthly average Monthly average Monthly average

Levels ( mb) Surface Surface, 500, 300 Surface 850, 500, 300

Lat itude 25.0º S 25.0º S 25.0º S 25.0º S

Longitude 70.0º W 70.0º W 70.0º W 70.0º W

Begin Jan. 1948 Jan. 1948 Jan. 1948 Jan. 1948

End Sept. 2000 Sept. 2000 Sept. 2000 Sept. 2000

4.2.- GrADS

The Gr id Analysis and Di splay System(GrADS) is an interactive desktop toolthat is currently in use world-wide for the analysis and display o fearth science data.

GrADS implements a 4-Dimensio naldata model, where the dimensio ns are usually lat itude, longitude, level, and time. Each data set is located within this 4-Dimensio nalspace by use ofa data descript ion file. Both gridded and station data may be descr ibed. Gr idded data may be non- linear ly spaced; Gaussian gr ids and var iable resolut ion ocean modelgr ids are direct ly supported. The internal data representation in a file may be either binar y, GRIB, or NetCDF (as ofversio n 1.6).

Operations maybe per formed on the data directly. A r ich set ofbuilt-in funct ions is provided. In addit ion, users mayadd their own functions as externalroutines wr itten in any language. The expression syntax allows complex operations that range over ver ylarge amounts ofdata to be perfor med wit h simple expressio ns.

Once the data have been accessed and manipulated, theymaybe displayed usin g a var iety ofgraphical output techniques, including line, bar, and scatter plots, as wellas contour, shaded contour, streamline, wind vector, grid box, shaded gr id box, and station modelplots. The user has wide controlover all aspects ofgraphics output, or maychoose to use the geophysicallyintuit ive defaults.

The GrADS so ftware used for this work was the UNIX Versio n 1.7 Beta 9 available at workstations ofthe MeteorologySection, Department ofGeophysics ofUniversit yo fChile. The

GrADS for UNIX workstations current free distribut ion is in the directory:

ftp://grads. iges.org/grads/1.7.beta9

The data obtained fro mNCEP/NCAR Reanalys is is in NetCDF for mat (.nc extensio n).

This file is read with GrADS so ftware and then saved in binar yfor mat (.bin extensio n). This step is done in order to manipulate the data in Mat lab.

4.3.- Matlab

MATLAB is a well-known integrated technical comput ing environment that combines numer ic computation, advanced graphics and visualization, and a high-levelprogramming language.

In this work, the data is obtained fro mGrADS in binar y for mat. The files contain 1 mo nthlyaverage data per var iable (624 months in 52 years and 9 months in the year 2000). The data is then organized on a 12 x 53 matr ix (original matr ix), starting fro m1 (Januar y) to 12

(December) and fro m1 (1948) to 53 (2000). This is per for med for ever yvar iable at ever y pressure level. The last 3 months of2000 are considered as NaN (Not a Number).

Long-term mean vector (1x12) consists in the total monthly average throughout the 53 years, starting fro m1 (Januar y) to 12 (December).

Ano malies matr ix (12 x 53) are obtained extracting the original matrix wit h the long-term mean vector for each year. Ano malies are computed for temperature, specific humidit y, and precipitable water vapour.

5.- Data Analysis

The analyses ofthe data are observed on figures 2, 3, 4, and 5. Anomalies are studied fro m1954 and on because a ver ystrong signalappears for the years 1949-1953, especially for the

PWV var iable. This signal is probably an overest imat io n fromreanalysis o fthis var iable

(pressure, specific humidit y, and temperature as well) due to ver ypoor obser vat ionaldata at that time. Ano malies are co mputed subtracting a long-ter m mean to the original matrix fro m1954 to the present, avoiding the strong 1949-1953 signal.

Coloured isopleth diagrams (annuallyversus monthly values) for the per iod 1948-2000

(fro m1954 for ano malies) are shown. Figure 2 shows pressure and temperature at the surface and its ano malies. Figure 3 shows precipitable water vapour and anomalies. It also plots values and ano malies for Januar y, Februar yand October. Anomalies ofPWV expressed in percentages are depicted on figure 4. Figure 5 shows the values for temperature (500 and 300 mb) and specific humidit y(850, 500, and 300 mb) and its ano malies.

5.1.- Pressure

Pressure level and ano malies at the surface are obtained for the per iod from1948-2000.

Figure 2 shows a year cycle with higher pressures dur ing winter. Posit ive ano malies can be seen starting in the mid 70´s. This change has also been noted in [18].

5.2.- Temperature

Temperature and ano malies on sur face are on figure 2, showing a strong negat ive ano maly for the last 2 years, comparable with the obser ved in 1955. It is also noted in the ano malies plot an increase oftemperature in the mid 70´s until 1998. At higher levels, for 500 and 300 mb on figure 5, the strong negat ive ano malies for the last 2 years are weakened.

5.3.- Precipitable water vapour

PWV, ano mali es, and a time ser ies for Januar y, Febr uar yand October are shown on figure 3. PWV has a remarkable annualcycle, with low values dur ing australwinter and higher values fromDecember to March. A strong signal appears in 1949-53, apparent lyan overestimat ion ofreanalysis due to poor obser vat ionaldata. It can be seen that anomalies dur ing

Januar yto March alternates throughout the years. The lowest values ofPWV are observed dur ing

October. Ano malies in percentage are on figure 4, showing ano malies less than ± 50 % throughout the years.

5.4.- Specific humidity

Specific humidit yis analysed at 850, 500, and 300 mb levels. It has similar results than for PWV. At 850, 500 and 300 mb, figure 5 shows a ver ydr yat mosphere dur ing most ofthe year. High signals o fwater vapour in the atmosphere appear for the Januar y-March per iod at 850 mb, while at 300 mb, high signals appear for the March-June per iod for the last 30 years.

Figure 2

Figure 3

Figure 4

Figure 5

6.- Conclusions and future work

Fromthe relevant figures, an annualcycle for the PWV is welldefined wit h a dr ywinter and wetter summer s. During australwinter (May-October), the PWV has a stable and relat ively low values throughout the years. During summer (Januar y-March) this situat ion changes and a higher amount ofwater vapour is present in the atmosphere with a var iable 1-5 year cycle.

Dur ing australsummer, the PWV monthlyaverages show values between 7 and 17 mm and the ano malies do not exceed more than ± 5 mm throughout the years (except for the 1949-

1953 period, considered an overest imat ion ofthe reanalys is due to poor observat ional data). It is reminded here that these values are for a site of1,843 m.a.s. land can be corrected for Paranal

(792 malt itude difference) with the same alt itude correction method used in [16]. Performing an

FFT (Fast Fourier Transfor m) to the PWV summer time ser ies (Januar y-March), a var iable 1-5 year cycle (coincident with ENSO spacing) and longer per iod cycles of7 and 11.5 years are found.

It is noted that posit ive PWV ano malies have occurred during the summer s ofyears 1997 to 2000, being these years wetter periods than usual. Nevertheless, these wet summers per iods are nor malin a 52- year historical context and, probably, the cycle should lead to a drier per iod. It is also noted that the previous cycle (summer per iods ofyears 1993 to 1996) are dominated by negat ive ano malies.

The sur face air temperature ano malies (Fig. 3) shows a cooler air temperature until1976 and changes to a warmer air temperature after 1976, corroborating the results ofRutllant et al

[18]. No evidences are found to consider the recommendat ion ofKist ler et al[14] to analyse the per iods before and after 1979 separatelydue to the introduction ofnew satellite data. Fromthe results, it is not possible to see a change on the data that can be attributed to the different observat ions used, and the change in temperature in 1976 is produced byan interdecadal var iabilit y[18]. For the last two years, a strong negat ive sur face temperature anomalyis observed in contrast with posit ive ano malies for air temperature at 500 and 300 mb.

The var iable 1-5 year PWV ano maly cycle can be analysed in the future, probablyhaving an ENSO connect ion.

Previous works compar ing the results ofmeasured data with NCEP/NCAR Reanalys is

[14] [15] [16], have proved that daily, seasonaland interannualvar iabilit yis well captured by reanalyses, though trends are not well captured speciallybefore 1979 for the Southern

Hemisphere. The fact that the closest grid po int to Paranalis at a different height and at a ~60 km distance plus the introduction ofnew obser ving systems over the years, makes it necessar yto perfor ma cross-correlat ion analysis between the NCEP/NCAR Reanalysis data and historical meteorologicaldata obtained in Paranal in order to guarantee the value ofNCEP/NCAR

Reanalysis as a good indicator ofthe climatologyover the Paranalarea.

A ver yimportant parameter to be determined for the Paranal area is the monitor ing of cloudiness. Scanning radio meters onboard NOAA polar-orbit ing satellites measure the earth´s total longwave emmitance OLR (Outgoing Longwave Radiation) and these data is available fro m

1974 to the present. The radio meters sense energyin a visible and infrared window region fro m which albedo and longwave flux is deter mined. The estimat ion oftotalOLR flux is done by using a regression modelder ived fro mradiat ion calculat ions made for 99 different atmospheres cover ing a broad range oftemperatures and mo isture as well as overcast and clear skycondit io ns with a super ior fit of98% ofthe totalvar iance [20]. Thus, the OLR data have been used in a var iet yofdiagnostics and climate sensit ivit ystudies and have been part icular ly useful for mo nitoring cloudiness and rainfall over the tropics. More recently, the ENSO events have been revealed in great detailby the OLR data [21].

Acknowledgments

Special thanks are given to Dr. José Rutllant for the access to documentation and for the authorisat ion to use the facilit ies at the MeteorologySect ion ofthe Department ofGeophysics,

Universit y ofChile. I also thank Dr. Guiller mo Delgado (Onsala Space Obser vatory/ European

Southern Observatory) for the review ofthis manuscr ipt.

7.- References

[1] Ka lnay, E. et al., 1996: ^TheNCEP/NCAR 40-

Year Reanalysis Project~, Bulletin American

Meteorological Society, 77 , 437-471.

[2] Matthews, E., 1985: Atlas of archived vegetation, land-useand seasonal albedo data sets. NASA Tech. Memo. 86199, 53 pp.

[AvailablefromGoddard SpaceFlight Cent er,

Greenbelt, MD 20771]

[3] Pan, H.-L., and Mahrt, L., 1987: ^Interaction bet ween soil hydrology and boundary-la yer development~. Bound.-Layer Meteor ., 38 ,185-

220.

[4] Mahrt, L., and Pan, H.-L., 1984: ^A two-layer model of soil hydrology~. Bound.-Layer

Meteor ., 29 , 1-20.

[5] Dor man, J. L., and Sellers, P. J., 1989: ^A global climatology of albedo, roughness lengt h and stomatal resistancefor atmospheric general circulation models as present ed by the

SimpleBiospher eModel (SB)~. J. Appl.

Meteor ., 28 , 833-855.

[6] Parrish, D. F., and Derber, J. C., 1992: ^The

National Met eorological C ent er´s spectral statistical int erpolation analysis syst em~. Mon.

Wea. Rev ., 120 , 1747-1763.

[7] Derber, J. D., Parrish, D. F., and Lor d, S . J.,

1991: ^Thenew global operational analysis syst emat theNationa l Met eorological Cent er~.

Wea. Forecasting , 6 , 538-547.

[8] Kanamitsu, M., 1989: ^Description of the

NMC global data assimilation and for ecast syst em~. Wea. Forecasting , 4 , 334-342.

[9] Kanamitsu, M., et al., 1991: ^Recent changes implement ed int o theglobal for ecast systemat

NMC~. Wea. Forecasting , 6 , 425-435.

[10] Gandin, L. S., 1988: ^Complex qualit y control of met eor ological observations~. Mon. Wea.

Rev ., 116 , 1138-1156.

[11] Woo llen, J. S., 1991: ^New NMC operational

OI qualit y control~. Preprints, Ninth Conf. on

Numerical Weather Prediction , Denver, CO,

Amer. Met eor. Soc., 24-27.

[12] Woollen, J. S., et al., 1994: ^Quality control in thereanalysis syst em~. Preprints, 10th Conf.

on Numerical Weather Prediction , Portland,

OR, Amer. Met eor. Soc., 13-14.

[13] Gandin, L. S., 1993: ^Optimal averaging of met eorological fields~. NMC OfficeNot e397,

45 pp. [AvailablefromNOAA/NCEP, 5200

Aut h. Rd. Washingt on, DC, 20233.]

[14] Kistler , R., Kalnay, E., et al. ^The

NCEP/NCAR 50-Year Reanalysis~. Submitt ed to the Bulletin American Meteorological

Society, June16, 2000.

[15] Aceituno, P., Mont ecinos, A., 2000: ^Diurnal cycleover theSouth Amer ica n altiplano:

comparison of NCEP/NCAR reanalysis wit h upper-air obser vations during theVisviri field experiment~. Sixth International Conference on Southern Hemisphere Meteorology and

Oceanography , P4.28.

[16] Bustos, R., Delgado, G., Nyman, L., and

Radford, S., 2000: ^52 years of climat ological data for theChajnantor area~ ALMA Memo

Series No. 333.

[17] Rutllant, J., 1977: ^On the extreme aridit y of coastal and atacama deserts in norther n Chile~.

Thesis submitt ed for thedegreeof Ph. D.

(Met eor ology) at theUniversit y of Wisconsin-

Madison.

[18] Rutllant, J., Fuenzalida, H., Torres, R., and

Figuer oa, D., 1998: ^Int eracción océa noatmósfera-tierra en la Región deAntofagasta

(Chile, 23ºS): Experiment o DICLIMA~.

Revista Chilena de Historia Natural , 71 , 405-

427.

[19] Rutllant, J., Ulriksen, P., S ippa, J., Salinas, H., and Doerr, L., 1972: ^Resultados dela campaña demediciones met eorológicas realizada en la provincia deAnt ofagasta~.

Publ. Nº 140 Department of Geophysics,

University of Chile. Santiago, Chile.

[20] Gruber, A., and A. F. Krueger, 1984: ^The status of theNOAA outgoing longwave radiation data set~. Bull. Amer. Meteor. Soc .,

65 , 958-962.

[21] Liebma nn, B., and C. A. Smith, 1996:

^Description of a complet e(int erpolat ed) outgoing longwaveradiation dataset~. Bull.

Amer. Meteor. Soc. , 77 , 1275-1277.

Appendix 1

The output var iables are classified into four categories. A indicates that the analysis var iable is strongly influenced by obser ved data (e.g., upper-air temperature and wind). B indicates that, although there are observat ionaldata, the modelalso has a ver ystrong influence on the analysis value (e.g., humidit y and sur face temperature). Cindicates that there are no observat ions direct lyaffect ing the var iable, so that it is der ived solely fro mthe modelfields forced by the data assimilat ion to remain close to the atmosphere (e.g., clouds and precipitat ion).

Finally, D represents a field that is fixed fro mclimatological values and does not depend on the model(e.g., plant resistance, land-sea mask). The standard GRIB output var iables are presented.

a. Standard GRIB output

Pressure coordinate output in a regular (2.5º lat x 2.5º long) gr id. Allfields are instantaneous values at a given time:

Class Field T ype

A Geopot ent ial height (gpm) at 17 l evels

A u wind (ms -1 ) at 17 levels

A v wind (ms -1 ) at 17 levels

A Temperature(K) at 17 levels

B Pressurevertical velocity (Pa s -1 ) at 12 levels

B Relativehumidit y (%) at 8 levels

A Absolut evorticity (s -1 ) at 17 levels

A u wind of thelowest 30-mb la yer (ms -1 )

A v wind of thelowest 30-mb layer (ms -1 )

B Temperatureof thelowest 30-mb layer (K)

B Relativehumidit y of thelowest 30 mb (%)

B Pressureat thesurface(Pa)

B Precipitablewat er vapour (kg m -2 )

B Relativehumidit y of thet o tal atmospher ic column (%)

A Temperatureat thetropopause(K)

A Pressureat thetropopause(Pa)

A u wind at thetropopause(ms -1 )

A v wind at thetropopause(ms -1 )

A Vertica l speed shear at thetropopause(1 s -1 )

B Surfacelift ed index (K)

B ^Bes t~ (4 layer) lift ed index (K)

A Temperatureat themaximumwind level (K)

A Pressureat themaximumwind level (Pa)

A u wind at themaximumwind level (ms -1 )

A v wind at themaximumwind level (ms -1 )

D Geopot ent ial height at thesurface(gpm)

A P ressurereduced t o MSL (Pa)

B Relativehumidit y in threesigma layers: 0.44-0.72, 0.72-0.94, 0.44-1.0 (%)

B Potent ial temperatureat thelowest sigma level (K)

B Temperatureat thelowest sigma level (K)

B Pressurevertical velocity at thelowest sigma level (Pa s -1 )

B Relativehumidit y at thelowest sigma level (%)

B u wind at thelowest sigma level (ms -1 )

B v wind at thelowest sigma level (ms -1 ) b. Output levels

Standard pressure levels ( mb):

1000 925 850 700 600 500 400 300 250

100 150 100 70 50 30 20 10

Appendix 2

Here is the list ofmeteorologicalstations for Peru, Bolivia, Paraguay, Chile, and

Argent ina that appear as green dots on Figure 1. A complete list ofground stations around the world is available at http://www.cpc.noaa.gov/products/analys is_mo nitoring/cdus/prcp_temp_tables/librar y.txt

Legend:

Stnid - 5 character WMO station ident ifier

Lat - lat itude in hundredths, ex: 7093 = 70.93 n ; -1093 = 10.93 s

Lon - longitude in hundredths, ex: 34637 = 346.37 ifl on > 180 lon = 360 - lon

Elev - station elevat ion in who le meters

Call - station ident ification call letters ifavailable

Stnid Lat Long Elev Call Cit y Country

84782 -1807 7030 458 192 99 0sptn Tacna/Ciriani Peru

85242 -1805 6707 3702 194 99 0slor Oruro/Juan_Mendoza Bolivia

85264 -1850 6410 -999 194 99 0 Vallegrande Bolivia

85283 -1902 6527 2903 194 99 0slsu Sucre/Juana_Azurduy Bolivia

85293 -1953 6572 3934 194 99 0slpo Potosi/Rojas Bolivia

85312 -1983 6400 -999 194 99 0 Monteagudd Bolivia

85315 -2005 6357 792 194 99 0slca Camiri Bolivia

85322 -2058 6680 3670 194 99 0 Uyuni Bolivia

85345 -2127 6350 400 194 99 0slvm Villa_Montes/Rafael Bolivia

85364 -2153 6472 1858 194 99 0sltj Tarija/Capt_Oriel Bolivia

85365 -2202 6370 617 194 99 0slya Yacuiba Bolivia

85394 -2275 6338 -999 194 99 0 Bermejo Bolivia

86017 -2072 6192 315 196 99 0 Fortin Nueva Asuncion Paraguay

86038 -2133 6150 190 196 99 0 La Patria Paraguay

86065 -2270 6150 220 196 99 0 Prats-Gil Paraguay

85406 -1835 7033 55 195 99 0scar Arica/Chacalluta Chile

85417 -2022 7015 5 194 98 1 Iquique/Cavancha Chile

85418 -2053 7018 48 195 99 0scda Iquique/Diego_Arac Chile

85424 -2122 6827 3695 195 99 1 Oyahue Chile

85432 -2250 6890 2320 195 99 1sccf Calama/El_Loa Chile

85442 -2343 7045 140 195 99 0scfa Antofagasta/Cerro Chile

85460 -2632 7062 30 195 99 0scra Chanaral Chile

85466 -2707 7080 55 195 99 0 Caldera Chile

85470 -2730 7042 290 195 99 0scha Copiapo/Chamonate Chile

85486 -2860 7077 526 195 99 0scll Vallenar Chile

85488 -2992 7120 146 195 99 0scse La_Serena/LaFlorida Chile

85500 -2995 7137 25 195 99 1 Coquimbo Chile

87007 -2210 6560 3462 199 99 0sasq La_Quiaca_Observat Argentina

87016 -2315 6432 357 199 99 0saso Oran_Airport Argentina

87022 -2265 6382 450 199 99 0sast Tartagal_Airport Argentina

87046 -2438 6508 1167 199 99 0sasj Jujuy_Airport Argentina

87047 -2485 6548 1216 199 99 0sasa Salta_Airport Argentina

87052 -2578 6498 779 198 98 0 Rosario De La Fro Argentina

87065 -2417 6290 205 199 99 0sasr Rivadavia Argentina

87071 -2575 6287 220 199 99 0 Monte Quemado Argentina

87116 -2680 6520 481 198 98 1 Tucum an Observatory Argentina

87120 -2683 6520 421 198 98 0 Tucuman Argentina

87121 -2685 6510 450 199 99 0sant Tucuman/Teniente Argentina

87127 -2745 6488 281 198 98 0 Rio Hondo Argentina

87129 -2777 6430 199 199 99 0sane Santiago_Del_Estero Argentina

87211 -2807 6757 1201 199 99 0sani Tinogasta Argentina

87213 -2923 6743 945 199 99 0 Anguinan_Airport Argentina

87214 -2922 6743 950 199 99 0sano Chilecito Argentina

87217 -2938 6682 429 199 99 0sanl La_Rioja/Capt_Vicen Argentina

87222 -2860 6577 454 199 99 0sanc Catamarca_Airport Argentina

87244 -2990 6368 341 199 99 0sacv Villa_Maria_Del_Rio Argentina

87257 -2988 6195 88 199 99 0sanw Ceres Argentina

A 52-Year Climatological Study

For the Paranal Area

Using NCEP/NCAR Reanal ysis Data

Ricardo Bustos P lacencia

Civil Electrical Engineer

Universityof Chile

Email: rbustos@dgf.uchile.cl

P resented to the European Southern Observatory

P aranal Observatory

November 2000

Index

1.- Introduction

2.- Overview of the Reanalys is System

2.1.- Reanalysis System

2.2.- Data decoder and qualitycontrol preprocessor

2.2.1.- Data collection

2.2.2.- Data preprocessor

2.3.- Data assimilation module

2.4.- Reanalysis output module

2.5.- Reliabilityof the atmospheric reanalysis

2.5.1 .- The Visviri experiment

2.5.2.- Comparison for theChajnantor Area

3.- Climatology of Atacama and some considerations

3.1.- Climatologyof Atacama

3.2.- Ground stations and rawinsonde data near Paranal

3.3.- General estimations for Paranal

4.- Me thodology

4.1.- Downloading the NCEP/NCAR Reanalysis files

4.2.- GrADS

4.3.- Matlab

5.- Data Analysis

5.1.- Pressure

5.2.- Temperature

5.3.- Precipitable water vapour

5.4.- Specific humidity

6.- Conclusions and future work

7.- References

Appendix 1

Appendix 2