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Abstract  

Themainmeteorologicalfeatures of the area surrounding Mt．Everest（Khumbu Valley，  

NepalHimalayas）wereinvestigatedbymean＄OfthedatasetcollectedatthePyramidMeteorologicai  

Stationく5050ma．s．1．）from1994to1999．Particuiarattentionwasgivento払echaracterist主csofthe  

SummermOnSOOnSeaSOn，Whosemeanonsetanddecaydates（12Juneand50ctober，reSpeCtively）  

Wereidentified．Thepredominanttypeofsummermonsoonprecipitationwasdrizzle，Withsporadic  

moreintenseeventsfromthelateafternoon汰roughthenight．Active／breakperiodsofthesummer  

monsoonwereidentifiedand theirlarge山SCale characteristics were highlightedby means ofdaiiy  

globalgriddeddata．TwodifferentdailyprofiieswerefoundwithinthePyramidprecipitationand  
winddirectionrecords，dependingonthelevelofactivityofthesummermonsooncirculation．Spectral  

analysisrevealedtheexistenceofa5－dayanda10¶dayperiodicityinthedailyprecipitationrecords  

associatedtosimilaroscillationsoftheTibetanHigh．  

1．lntroduction  

TheHimalayasandtheTibetanPlateauplayan  
important rolein the monsoon circulation system，  
botha＄anelevatedheatandmoisturesource／sinkin  

the upper troposphere（due to the strong warming／  

COOlirlgOfthegroundandthereleaseoflargequan・  

tities of condensation heat）and as an orographic  
barriertowindflows（Murakami，1987；Yanaiet al．，  

i992）．TheIndianmonsoonflowisstronglycorrelated  

to tbe snoⅥr COVerin tbese areas as demonstrated主n  

SeVeralstlユdiesonthetopic（e．g．，DicksoIl，1984；Verne・  

karぞ才αgり1995；Ose，1996；Sankar鵬Rao g≠αg．，1996；  

BamzaiandShtlkla，1998）．Meteorologicalconditions  

affectthemassbalance ofglaciers and，aS aCOnSe－  

quence，theavailabilityofwaterintheplains．Along  

Ltermtimeseriesofmeteoroiogicalobservationsthus  
proves fundamentalin the study of glacier fluctua〟  

tionsasaresponsetoglobalclimatechange．  
0ver the past decades，SOme meteOrOlogical  
Observationshavebeencollectedathighaltittldesin  
tねe‡iimalayan Range forlimited periods of time，  

mostlydlユrirlgtbe summermonsoonseason．Onlyin  

the1990swereafewpermanentstationssetupunder  
themanagementofvariouscountries，SuChasNepal  
（Sbresthaぞfαgりユ998；2080），Japan（Uenog∫αgり1996），  

China（LiuandChen，2000）andItaly（Stravisiet al．，  

199払   

In1990an AtltOmaticⅦ七atber Station（Å1好S）  

WaSinstailedbytheItalianNationalResearchCouncil  
InstituteofWaterResearch（IRSA／CNR）intheNepal  

HimalayasnearMountEverest，at5050ma．s．1．This  

AWSis named“Pyramid”givenitslocation a few  

dozenmetersfromtheItalianandNepalesepyrami・  

daトshaped scientific Laboratory／Observatory above  

Lobuchevillage．The AWSis，1ike the Laboratory  

itself，partOftheInterdisciplinaryEv－KLCNRHigh  

Å1titude Scientific and TecbnologicalResearchPro－  

ject．Project objectivesinclude development ofhigh  
altitudeandremoteareastudiesinvarious舅elds，StlCb  

as medicaトphysiologicalsciences，earth sciences，  

technology，enVironmentalsciencesandmeteorology．  

MeteorologicalobservationsatthePyramidAWSare  
COnductedinordertoprovidepermanentmonitoring  
Ofthemonsoonathighaltitude．  
The purpose of this paper is to describe high 
altitude（above5000m）climatecharacteristicsinan  

area where only few and incompleLe observations 
bavebee王1Carriedoutsofar，andtoolitl主netbeinter－  

action betweenlocalfeatures andlarge－SCale mon－  

SOOnCirculation．Theformerarestudiedbymeansof  
the Pyramid AWS dataset collected continuously  
from1994to1999，Whilesynopticscaiepatternsare  
high1ighted by means of dai王y data available from   
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0Verthetwoprecedinghours；SOlarirradiance，Wind  

speedandwinddirectionareaveragedovertheprevi－  
ous 20 minutes．In particular，the biThourly wind  

direction data are calculated by the processing unit  
usinganalgorithmbasedonanarithmeticaverageof  
theinstantaneousvaluesrecordedeverytwoseconds，  
andaccountingforabruptchangesinsuccessivedirec－  
tionvalues（MTXCo．，uSer’smanual）．Thebihourly  

windspeeddataarearithmeticaveragesofinstanta－  
neous values recorded every two seconds．The data  
are storedin solid－State memOry and are retrieved  
twiceayearbyanItalianexpedition．Measuredvari－  

ables for each sensor arelisted in Tablel．Data  
processlngandqualitycheckareperformedinItaly．  
For our analysis，We defined winter，premOn－  

soon，Summerandpost－mOnSOOnSeaSOnS，aSperuSual  

definitions，the months of December to February，  

March to May，June to September and October to  
November，reSpeCtively．Monthly mean values were  

calculatedwhenmore than20daily dataitems were  
available（eachonecalculatedasaverageofthe12bi  
－hourlydata）．  

0ver the six－year period，errOrS Were foundin  

two sensors．The globalsolarirradiance sensor  
showedaslow，COnstantdistortionindailydatastart－  

ingin1994；allradiation values have consequently  
been rejected and a new sensor wasinstalledin  
October1999．The wind direction sensor seemed to  
workwelluntilApril1996andtolooseprecisionfrom  
May19960nWards．AttheendofSeptember1998the  
sensorwasreplaced，butunfortunatelythedatarecor－  

ded bythe newinstrument proved to beincoherent  
with the1994r1995data．Only thelatest scientific  
expedition organizedin September2000－the first  
with a solely meteorologicalaim－allowed  
researcherstoverifyaccuratefunctioningofthenew  
sensor andvalidate the data．Records fromJanuary  
1994to September1998havethusbeenrejected．To  
make up for thislack of data，atleastin part，the  

analysisofwinddirectioninthispaperwasextended  
tothebiLhourlyrecordscollectedduringJanuaryand  
February2000，allowlng for consideration of two  
complete winter seasons．Furthermore，temperature  

valuesweremissingfromtheendofJuly1994tothe  
firstdaysofNovember1994，andduringJuly－SeptemT  

ber1995．Thepercentageofmissingdailyvaluesfor  
each sensoris shownin Table2．  

NCEP／NCARReanalysisonagloba12．50×2・5Ogrid  

（Kalnayetal．，1996）．Particularattentionisplacedon  

thesummerfeatures，aSWellasontheintraseasonal  
variabilityofthemonsoon，Withadetaileddiscussion  
ofwindcirculationandprecipitationcharacteristics．  
A comparison with data recorded at Syangboche  
AWSis also made．  

2．Data and methods  

ThePyramidLaboratory／Observatoryislocated  
at5010ma．s．1．inasecondaryvalleyoriented NNW  

SSEoffofthemainKhumbuValley，Whichformsthe  
confluenceoftheLobucheandKhumbuGlaciers（Fig．  

1）．TheAWS，OneOfthehighestoperatingmeteorolog－  

icalstationsintheHimalayanRange，islocatedonthe  
northernridgeofthissecondaryvalley（geographical  
coordinates：27058′N，86048′E）anditiswellexposed  

totheKhumbuValleywind．  
SinceDecember1993，theAWS hasruncontinu－  

ouslyyearround，reCOrdingairtemperature，preCipita－  

tion，Windspeed，Winddirection，globalsolarirradian－  

ce，relativehumidityandatmosphericpressureevery  
two hours．Air temperature，humidity，and pressure  

areinstantaneous values；preCipitationis cumulated  

Fig．1．GeographiclocationofthePyramidMeteorological  
StationintheKhumbuValley，NepalHimalayas．  

Tablel．Listofsensors，Withmeasurementheightandaccuracy．AllsensorsweremanufacturedbyMTXCo・，Italy・  

Sensor  Accuracy  Parameter  

0．10C   

O．2mm  

3％   
0．5hPa  

2％  
30  

0．1cal／cm2h   

PJ＝・／バ／（明／／JJ川J・／んりツタJ六／りJ・rご  ククリ  AIRTEMPERATURE  

PRECIPITATION  

RELATIVEHUMIDITY   

ATMOSPHERICPRESSURE  

WINDSPEED  

WIND DIRECTION 

GLOBALSOLARIRRADIANCE  

句中座h…行／り．J了川ノ  
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Table2．Yearlypercentageofmissingdailyvalues．  

i999  1997  1998  Parameter  1994  1995  

3  0   Å王RTEMPERÅTtJRE  

PRECI円TÅTION   

RELATIVEHUMIDrrY   

ATMOS‡）HERICPRESSURE  

l＼’INl二1SPEErl  

WINDD‡RECT‡ON  

GLOBALSOI。ARIRRAD‡ÅNCE  

27  25  

0  0  

0  0  

0  0  

0  2  

1し1（1  1州  

1（）0  100  

0  4  

3  11  0  4  

3  0  0  4  

3  0  1  4  

6  t）  1  1i  

ZffO lOO  75  15  

100  76  100  

TbeⅥ7ind and precipitationinstruments are not  

heated；however，data correctionforfreezingofthe  

Se11SOrSこInd＼＼▼i11dilldtl〔・ビ（1loss of sllO＼＼イa11（Uetlし）こ1nd  

Ohata，1996）wasnoもCalcuiaとed，Thus，Windspeedan8  

precipitationrecordscou王dprovetobeunderestimaレ  

ed，eSPeCiallyinwinter．Moreover，SOlidprecipitation  

mayberecordedwithsomedelayduetothedeferred  
meltingofsnow；hoⅥreVer，洩isdelayislimitedtofew  

hours，atleastforthegreaterpartoftheyear．王ndeed，  

acclユrateOnSiteobservationscombinedwitbanalysis  

Oftbediurnalvariationsinairtemperature，preCipitか  

tionandrecentsolarradiationvaiues（recordedfrom  
October1999）have demonstrated t‡lat from tbe pre  

－mOnSOOntOtぬeposトmons（〉OnSeaSOnSnOⅥrねまienin  

也eeveningmeltedrapidlybetveenO8：00a王IdlO：000f  

thefollowingmorning（evenonthecoldestdays）due  

to the prevailing fair weather，the strong radiation  
heating theinstTument and above－ZerO temperature  
COnditio‡lS．Strong＄Oiarradiationvaiueswererecord－  

edinwinter，tOO．Moreover，itappearsthat airtem－  

peraturecan舅㍊CtⅥateⅥ7ideiy血ringwintera王Idsev－  

eral－‘Ⅵ▼arm e＼で11tS‥（charactビrized b）・a daily】11ean  

temperatureofaround岬20Candabove叫ZerOtempera－  

turesbetweenlO：00and14：00）wereTeCOgnizablefrom  

theendofl）ecembertl〕themiddleofドeblluこIry（Cleaト  

Iy evidentinぎig．4）、Itis払ereねre reasonable to  

assume that snow accumuiated during the rare and  
Shortwinterprecipitationevents（alsoidentifiableby  
therelativehtlmidity）meitedafewdayslater．   

3．Results  

ユノ．Oノアざ一寸け柚7（ム，t、（草・〆仙、ざJ川川汀J▲J榊〃∫㈲〃  

Totemporallydefinethemonsoonperiodatthe  
Pyramid Station，the average annualvariation of  
ttltaldail〉▼preCipitation之1ndthenumbprofda〉TSWith  

precipitation（daily totalprecip主ねtion equaior  

greaterthanO．2mm）overthesix yearperiodwere  

Calculated．The 5叫day average non山OVerlapping  

Ce王1teredmeans（pentads）arerepreserltedinFig．2．A  

rapidi‡1CreaSearOt王ndtbeseco‡ldhaほofJunean∂a  

Similar decrease at the beginnlng Of October aTe  
evident、Tbeseabruptcba喝eSCanもeconsideredthe  

average（centerofthepentads）onsetanddecaydates  

Ofthemonsoon：reSpeCtively，June12andOctober5．  

The5¶・・day centered means of tbe di㍑rnalrange of  

もemper盈ttlrealsodemonstrateanabrupもdecreaseand  
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Fig．2．Ånnlは1variatio‡10ぎthe5－day centred means of   

daiiytotalprecipitation（continuousiine；Vaiuesonthe   

leftaxis）andofthenumberofdayswithprecipitation   

（dottedi主ne；Valueso王1tber短btaxis）averagedover1994  

仙1999．Tbe fullbiack circiesi‡ldicate tbe onset／decay  

daもesofthesummermonsooll（centres（〉fthepentads）．  
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Fig．3．AnnualvariatiollOf the5【day centred mean of  

dailytemperaturerangeaveragedover1994削1999．The  

fuilblackcirclesindicatetheonset／decaydatesoftbe  

Summer】nOnSOOn，   

increaseontbesamedays，aSFig．3cleariybi≦か1i≦かts．  

Duringtbemonsoonperiod，thedi11rnalra封geOftbe  

temperaturewaslow（rarelyhigherthanlOPConthe  
aver；喝e）asc王oudspreventedsubstantiaまheatingくcoo－  

1i喝〉8uringtbeday（niきかt）（forasiini王arapplication  

SeeTa‡唱borng才αg．，1980）．0‡ltheco鵬rary，tbegener→  

allyclear＄kyinwintercausedtherangetobe high  
（somedaysevenabove20OC，Withmaximumvaluesin  

December）．Tbeonsetanddecaydatesoft‡leSt注nmer  

monsoon are also clearly revealed by tbe annlユal  

Variations of the5…day centered means of relative  

huTllid恒▼ and atmospheric pl・eSSure．Mean relati＼で  

humidity exceeded90％during the monsoon period  
Whiie，duringthedrywinter（DecemberandJanuary），  

itsbowedtheminimumvalⅥeS（meanof33％）．mring  

tbe prewmonsoon（post00mOnSOOn）season relative   
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humidityincreased（decreased）．Atmosphericpressure  

hadasimilarvariation，Withthehighestvaiuesduring  
the monsoon period（mean of555．6hPa），and蝕e  

lowestinwinter（meanof550．1hPa）．Forboththese  

parameters，abruptchangeswerenotedincorrcsponE  
dencetotheciteddates．Theseresultsperfectlyfitthe  
climatologicalonset anddecaydates over Northern  
‡ndiareportedbyRaof1981）．   

∴●∴／′．ご∫り・；∴・／・・√．・′∫－′∴．りJ・：∫ ′り．・トご∴・∫－∴〃   

TheannualprecipitationrecordedatthePyramid  
MeteorologicalStation waslow mainly due to the  
highaltitude ofitslocationintheinner Himaiayas・  

For the six years examined，the averaged arnual  
precipitation was465mm．Nearly90％ofit was  

recordedbetweenJuneandSeptember（Table3），While  

inthesummermonsoonperiod（12June－50ctober）  

average precipitation was400mm．FromJune to  
September，preCipitationocc11汀edonmoretban85％  

oftbed野S，Withtbebigbes七重requencyinÅugⅥSt，   

Tabまe3．Totaimonsoon precipitation（mm）and nlユmber of  

daysⅥFitbprecipitatknforeachsummermoIISOOnSeaSOn   

（June－September）．  

Months  

Fig→5→ FTequenCy Of occurrence of days with free2：ing  

（minimum temperature ＝ 00C，maXimum tempera－  

ture＞OOC；greyarea），W王thoutthaw（maximumtemperY  

ature＝00C；White area）andwithout freezing（minト  

mumtemperature＞ODC；black area）．Data averaged  

OVer1994－1999．  

Based on tbe above considerations，it can be  
concludedthatnearlya11theprecipitationinJlユIyis  

raれwi也nodelayindatarecording（asdiscussedin  

Section2）．Consequently，thedailyvariationofmonM  

soonprecipitationcanbewelldescribedbyanalyzing  
data recorded during this representative month．In  
particular，itispossibletopointoutthatrainoccurred  
mainlyfromtheafternoonthroughthenight（Fig．6），  

bothinterms offrequencyofoccurrenceandinten－  
sity．Furtherexaminationrevealedthat drizzletype  
precipitation（＜1mmintwohours）waspredominant  

througbouttbeday（0Ver75％oftbeevents）andt壬l紙  

On aVerage，95％of t宣Ie preCipiもation events were  

below3mmintwobours，However，betⅥ㌢eenO4：00to  

12：00thefrequencyofdrizzlewashighest（about82％），  

whileduringtherestofthedaymoreintenseprecipiv  
tation occurswith greater frequency．Thisis espe・  

ciaily true between14：00and18：00，When the fre－  

quencyofdrizzledroppedto70％whilethefrequency  
ofeventswithabトhourlytotalbetweenland3mm  
increasedto26％．Thisisduetoconvectiveactivity．  

Furthermore，SpOradicheavyevents（between3and8  

I11milltW（）hours）ocrurred．witllthehi主ごhestfrcquency  

（averageof8．5％）beもWee‡i18：00and24：00．  

1994  1995  1996  1997  1998  1999   

total（mm）   419  373  418  382  401  442   

dayswithprecipation  92  106  101  90  88  93  

Annualvariatio11SOfminimum，meanandmaxi－  

mlユmtemperatureaVeragedoverthesix－yearperiod  

arerepresentedinFig．4．Åirtemperat11re由一OpSbelow  

freezingduringthenon－mOnSOOnalseasonswithfew  
minimlユm temperatureS above OOC．DuringlVinter，  

dayswithtempeTatureSabovefreezingoccurredwith  
anaveragefrequency of68％，withthehighest fre－  

qtlenCyOf78％inFebruary，thecoldestmonth．During  

the pre－mOnSOOn and posトmonsoon seasons，days  

withfreezingprevailed（anaverageof71％）．0verthe  

course ofayear，Onlyarounda quarter ofthedays  
sboⅥred a minimum temperature above OOC．T壬Ie  

warmestmontbvasJuly，Wben94％oftbedayshad  

aminiInumtemperatt汀eaboveOやC．Moreover，duri工場  

summer，the maximum temperature was constantly  
aboveOOC．TheseresultsaresummarizedinFig．5．  2
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1entもe摘reen20：00and O8：00in the posトmonsoon  

SeaSOn，frommidnighttoO8：00duringwinterandfrom  

O2：O（1to O（川OiIlthe pre＋111OnSOOllSeaSOn．The occur－  

renceofthemountainwindwashighestinNovember  
andDecember，Whenthiswindbiewcontinuouslyfrom  
18：00to O8：00．Itwas alsonotedthat，duringwinter，  

themountainwindtendedtoblowfromNW（probably  
affectedbythegeneralcirculation），Whileduringthe  

otherseasonsitcamefromNE．Thefrequencydistriq  
btltionoftbebi－hourlywinddirectioIlValuesciearly  
showedtheprevaienceoftheva11eywind，nearly80％  

duringsummer，from30％to45％duri喝tbe otber  

seasons，withadecreasingtrendfromtheposトmon－  

soontotbepre－mOnSOOn．AIso，血eoccurrenceoftbe  

mountainwind decreased significantly between the  
nonpmonsoon seasons（30－38％）and summer（about  

ll％）．  

Thediurnalvariationofthewindspeed（bトhour－  

1yaveragedvalue）foreachseasonisrepresentedin  
Fig．7b．Thethreeprofilesforthenon－mOnSOOnSea－  

so11SareSimilar，Withanincreasingoftbewindspeed  
at around O8：00（when the valley breeze starte（汎  

maximumpastr100n，tbenaslovdecreaseuntまIabout  

20：00，Whilefrom20：00toO6：00thevaluesarerelative→  

1yconstant．Thehighestvalueswererecordedduring  
thepre－mOnSOOnSeaSOn・（about4．8m／s），duetothe  

strong driving force caused by the heating of the  
許Ound，Duringsummer，tbe va11ey viI－d started at  

aboutO6：00，WaSatitsmaximumvalueat12：00（which  

was，boⅥreVer，lowertbanthemaximumvaltleSreCOr－  

dedduringotherseasons），thenslowlydecreasedunti王  

themininltl111at abotltl帖：OO（＼＼・henthビmOuntain＼＼▼ind  

was observedin some cases）．On site observations  

showedthat，insummer，humiditywasdrivenfromthe  

bottomofthevalleybytbewindandtbatconvective  
cloudsbegantoformabovethemountainsatapproxi－  
matelyO8：00，Witbtぬeskybeingcompletelycovered  

bymidday．Theresultingoutcomewasareductionof  
theilmOunt Ofsolarradiationatlda＼＼・eこ1keniIlg（1fthe  

wind．Themaximumwindspeed wasthus recorded  
justpriorto t壬IemOmentWbe‡lClouds ot）SCuredtbe  

sun．Significant heatingled to maintenance of the  
valleyvindevenintbeafternoon，Whiletbepersist－  

ence of tbisⅥriild untiiearly王nOrning could be ex－  

plainedbylatent heat releaseby convective clouds  
（0王Iataggαgリ1981）．By許Otlpi喝tOgetberwi王1dspeed  

profilesfromthenon～mOnSOOnSeaSOnS，itcanbeseen  

tbattbewi11dwasgenerallyveakerduri王1gSlユmmer  

thaninotherseasons，withtheexceptionofthe18：00  

－22：00period，Vhent壬IeValleybreezewasstillblow－  

ing．Thehighestdaily血aVeragedvalueswererecorded  

duringwinter（2．1m！s）whentheiargenscaleflowwas  

characterized by strong eastⅥ7ardⅥrinds associated  

withthe SubtropicalJet Stream，While the summer  
monsooIIWindsweretbeweakest（adailyaverageof  
l．5m／s）．   

∴．●∴ト∴・“√1トご＼亘．、こ√、●‥い∴－、、～・・‥ざ●J．●∴′・  

The mountain／valley breeze circulation system  

clearlydominatedattbe‡）yramidStation・1好inddirec－  

tionandwindspeedarerepresentedonseparatefig・  

uresduetothedifferentperiodcoveredbythedata．  
Fig．7ashowsthediurnalvariationofthewinddirec－  

tion（windspeedarbitrarilyfixed）duringeachseason・  

Ascanbeseen，a StrOngValleywind，COming from  

sotlth－SOuthwest，preVai1edinthedaytimereachingits  

maximum＄peedbetⅥ7een12：00to14：00tbro喝bouttbe  

year（Fig．7b）．Exceptforthemonsoonseason，thisup  

椚Valleywindbeganblowi喝afterslユnriseandstopped  

intheevening．Duringthemonsoonseason，aWeaker  

valleywindprevailedalsoatnig紙evenifthemowl－  

tainwind（comingfromNW－NE）occasionallyappear－  

ed at O6：00．The mountainwind was more evident  

duringnon－mOnSOOnSeaSOnS，ItwasespeciallyprevaL  
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Fig．7．DiurnalvariationoftheⅥrinddirection（a）andwind   
speed（b）払reacllSeaSOn，Forwi三iddirection（dataたom   

October1998toI？ebruary2000），tbelengtboftbearrow   
isarbitrariiyfixedanddataarepresentedfromwinter   
毎pper〉tothepost－mOnSOOrlSeaSOn（lower）．Forwind   
speed（ぬねfortbesix－yearperio動tもetilick，CrOSSed，  
dashed and thinlines correspond towinter，pre～mOrト   

＄00n，Stlmmerandposトmo‡1SOOn父aSOn，reSpeCtively・  














