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Chapter 1
Introdution
The European Southern Observatory (ESO), in ollaboration with the Institute for Spae Imag-ing Siene (ISIS) and the AstroMeteorology Group from the Universidad de Valparaíso, on-duted a series of dediated measurement ampaigns to haraterize the Preipitable WaterVapor (PWV) onditions over La Silla, Paranal and APEX (Ataama Path�nder Experiment)observatories in northern Chile. Water vapor is the main soure of opaity in infrared andradio (millimeter and sub-millimeter) spetral regions. These ampaigns were performed us-ing an Infrared Radiometer (IRMA), several medium and high-resolution spetrographs and aseries of radiosondes launhes onduted by the Astrometeorology group from Universidad deValparaíso.The �rst radiosondes ampaign was held in May 2009 at La Silla observatory, loated in theCoquimbo region. The seond ampaign was onduted in July 2009 at APEX observatory onLlano de Chajnantor, loated in the Antofagasta region. The third and fourth ampaigns wereheld at Paranal observatory, a site lose to the oast at Antofagasta region, in July and August2009 and November 2009, respetively.The astrometeorology group use di�erent tools to diagnose the PWV and predit its futurevalues. One of the objetives of this study is to evaluate the PWV obtained from these toolswith values measured by radiosondes. GOES-12 satellite data is used to estimate the PWVvalue at a spei� loation. The Weather Researh and Foreasting (WRF) meteorologialmodel, simulates the state of the atmosphere and foreast meteorologial variables. PWVvalues an be obtained from WRF simulations over the domain of integration. In addition, theWRF model an be used to identify the synopti patterns involved during those ampaigns.This study is part of the projet �Study of Preipitable Water Vapor (PWV) at Llano deChajnantor�, number PO024344/GSER.
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CHAPTER 1. INTRODUCTION 3
1.1 Main ObjetiveMeasure and foreast the PWV above La Silla, APEX and Paranal Observatories.1.2 Spei� Objetives� Measure the atmospheri vertial pro�le above La Silla, APEX and Paranal Observatories.� Calulate the PWV from the vertial pro�les.� Evaluate the PWV estimated from GOES-12 satellite data.� Implement the WRF meteorologial model for the four radiosondes ampaigns.� Evaluate PWV foreasts alulated by WRF model.� Analyze the synopti onditions for the four radiosondes ampaigns.



Chapter 2
Instrumentation
Radiosondes were used to measured the vertial pro�les in the atmosphere. The equipmentused were:Vaisala Radiosonde RS92-SGP

This radiosonde model measures humidity, pressure, temperature and wind speed and diretion.
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CHAPTER 2. INSTRUMENTATION 5
Eah radiosonde have a GPS reeiver for wind �nding, a silion pressure sensor, heated twinhumidity sensor and a small fast temperature sensor.Vaisala Sounding Proessing Subsystem SPS311

A fully digital telemetry link is implemented between the Vaisala Radiosondes RS92-SGP andthe Vaisala Sounding Proessing Subsystem SPS311. The SPS311's data reeption tehnologymakes extensive use of the software-de�ned radio tehnology. The radio signal is onverted tofully digital format at very early phase of signal transmission, whih improves performane inomparison with onventional analog reeivers [1℄.Ground Chek Set GC25

This instrument hek the funtioning of the radiosonde, the sensors auray and set thefrequeny of the radiosonde.



CHAPTER 2. INSTRUMENTATION 6
Vaisala Portable Antenna Set CG31

Is a mobile antenna on�guration designed to be used with GPS wind �nding systems in the�eld onditions. The antenna set onsists of Helix UHF antenna, GPS antenna and the AntennaAmpli�er and Swith RAA111 on a tripod mount.A PC with DigiCORA sounding software is needed. This software interonnets the VaisalaSounding Proessing Subsystem SPS311 (the Vaisala Portable Antenna Set CG31 is onnetedto this devie) and the Ground Chek Set GC25.The steps made to launh all the radiosondes were the following:1. Perform sounding preparation (alibrate the frequeny, sensor and telemetry).2. Prepare the balloon.3. Connet the battery.4. Launh the radiosonde.5. Monitor the sounding with the DigiCora Sounding System.



Chapter 3
Radiosondes Campaigns
The AstroMeteorology group onduted four radiosondes launhing ampaigns in 2009. Thedi�erent duties were: the operation of the radiosondes equipment, proess the meteorologialdata from the vertial pro�le and make the orresponding report. The objetive of theseampaigns was the measurement of the PWV ontent in the atmosphere above La Silla, Paranaland APEX observatories.All the ampaigns were oordinated with the Instituión de Aeronáutia Civil, whih authorizedall launhes.3.1 First Campaign: La Silla ObservatoryThe �rst ampaign was held in La Silla observatory (altitude ∼ 2400 m, Figure 3.1) betweenMay 5th and 15th of 2009. A number of 18 balloons were launhed (Table 3.1). On May 13thno data were reorded due to tehnial problems with the sensor.3.2 Seond Campaign: APEXThe seond ampaign was arried out in APEX telesope site in the Llano de Chajnantor(altitude ∼ 5100 m, Figure 3.1) between July 7th and 11th of 2009. On July 12th, severallogisti problems and bad weather aused the radiosonde launhing loation to be moved toAPEX base amp Sequitor at a lower altitude (∼ 2400 m). Table 3.2 shows the date and timeof radiosonde launhes.
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CHAPTER 3. RADIOSONDES CAMPAIGNS 8
La Silla Observatory ampaignDate Hour UTCMay 5th, 2009 12:00May 6th, 2009 12:00May 7th, 2009 06:00May 8th, 2009 00:00 - 06:00May 9th, 2009 00:00 - 06:00 - 12:00May 10th, 2009 00:00 - 06:00May 11th, 2009 00:00 - 06:00May 12th, 2009 00:00May 13th, 2009 00:00May 14th, 2009 00:00 -12:00May 15th, 2009 00:00 - 06:00Table 3.1: Shedule of radiosondes launhes at La Silla Observatory.

Figure 3.1: Map loations of eah observatory where the radiosonde ampaigns were performed.



CHAPTER 3. RADIOSONDES CAMPAIGNS 9
APEX radiosonde ampaignDate Hours UTCJuly 7th, 2009 00:00 - 12:00July 8th, 2009 00:20 - 12:00July 9th, 2009 00:00 - 12:40July 10th, 2009 00:00 - 12:07July 11th, 2009 00:00 - 12:20July 12th, 2009 00:00 - 12:45July 13th, 2009 00:00 - 12:00July 14th, 2009 00:00 - 13:15July 15th, 2009 00:11 - 12:00July 16th, 2009 00:00 - 12:00Table 3.2: Shedule of radiosondes launhes at APEX observatory.3.3 Third Campaign: Paranal ObservatoryThe third ampaign was onduted at Paranal Observatory (∼ 2600 m, Figure 3.1) from July

28th to August 10th, 2009. Table 3.3 shows the dates and times of radiosonde launhes. Nolaunhing was made on July 28th due to problems with helium supply.Paranal Observatory radiosonde ampaignDate Hours UTCJuly 29th, 2009 12:00July 30th, 2009 12:15July 31th, 2009 00:30 - 12:00August 1st, 2009 00:00 - 06:15 - 12:00August 2nd, 2009 00:00 - 06:15August 3rd, 2009 00:00August 4th, 2009 00:00August 5th, 2009 01:00 - 06:00August 6th, 2009 01:00 - 06:15August 7th, 2009 00:00 - 06:20 -12:00August 8th, 2009 00:00 - 06:00August 9th, 2009 00:00August 10th, 2009 01:10 - 12:00Table 3.3: Shedule of radiosondes launhes at Paranal Observatory.



CHAPTER 3. RADIOSONDES CAMPAIGNS 10
3.4 Fourth Campaign: Paranal ObservatoryThis was the seond ampaign onduted at Paranal Observatory from November 9th to 19th,2009. Table 3.4 presents the shedule of radiosondes launhing.Paranal Observatory radiosonde ampaignDate Hours UTCNovember 9th, 2009 12:00November 10th, 2009 12:00November 11th, 2009 00:00 - 06:00 - 12:00November 12th, 2009 00:00 - 06:00 - 12:15November 13th, 2009 00:00 - 06:00 - 12:00November 14th, 2009 00:00 - 06:00 - 12:00November 15th, 2009 00:00 - 06:00 - 12:20November 16th, 2009 00:00 - 06:15 - 12:00November 17th, 2009 00:00 - 06:05 - 12:00November 18th, 2009 00:00 - 06:00 -12:00November 19th, 2009 00:00 - 06:00 - 12:00Table 3.4: Shedule of seond radiosondes launhes at Paranal Observatory.



Chapter 4
Methodology & Statistis
The equation used to alulate the PWV from radiosondes and WRF model was:

PWV =
1

g

P2�
P1

xdp (4.1)where g is the aeleration of gravity, x(P ) is the water vapor mixing ratio at a given pressurelevel P, and PWV provides the water vapor that ould ondensate in a layer bounded bypressures p1 and p2.Several statistial parameters were used to validate the PWV alulated from WRF model andGOES-12:Root Mean Squared ErrorThe root mean square error is de�ned as:
RMSE =

√

√

√

√

N
∑

i=1

(yi − xi)
2

Nwhere yi is the value of the meteorologial variable predited by the model, xi is the meteoro-logial value measured by the radiosonde and N is the total number of data analyzed.The root mean square error for the wind diretion is de�ned as:
RMSEDir =

√

√

√

√

N
∑

i=1

D2

N

D = min (|yi − xi| , |360 − (yi − xi)|)
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CHAPTER 4. METHODOLOGY & STATISTICS 12
where yi is the value of the wind diretion predited by the model, xi is the wind diretionmeasured by the radiosonde and N is the total number of data analyzed.BIASThe bias provides information on the trend of the model to overestimate or underestimate avariable. It quanti�es the systemati error in the models and is de�ned as:

BIAS =
N

∑

i=1

(yi − xi)

Nwhere yi is the value of the meteorologial variable predited by the model, xi is the meteoro-logial value measured by the radiosonde and N is the total number of data analyzed.The bias for the wind diretion is de�ned as:
BIASDir =

N
∑

i=1

D

Nif yi < xi

D = yi − xi if |yi − xi| < |360 + (yi − xi)|

D = 360 + (yi − xi) if |yi − xi| > |360 + (yi − xi)|if yi > xi

D = yi − xi if |yi − xi| < |(yi − xi) − 360|

D = (yi − xi) − 360 if |yi − xi| > |(yi − xi) − 360|where yi is the value of the meteorologial variable predited by the model, xi is the meteoro-logial value measured by the radiosonde and N is the total number of data analyzed.CorrelationWe alulate the orrelation between observed and predited values to determine the perfor-mane of the model. The equation that de�nes the orrelation is:
Corr =

∑N
i=1

(xi − x) •
∑N

i=1
(yi − y)

√

∑N
i=1

(xi − x)2 •
∑N

i=1
(yi − y)2where yi is the value of the meteorologial variable predited by the model, xi is the meteorolog-ial value measured by the radiosonde, y is the average of the meteorologial variable predited
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by the model, x is the average of the meteorologial variable measured by the radiosonde andN is the total number of data analyzed.Cumulative distribution funtion (CDF)The Cumulative Distribution Funtion F(x) desribes the probability that a random variableX will be found at a value less than or equal to x. Spei�ally:

F (x) = P ({X ≤ x}) =
∑

t<x

f(t)For more information, see Mathematial Statistis with Appliations [3℄.



Chapter 5
Evaluation of GOES-12
PWV values from GOES-12 were obtained using the methodology desribed in the Setion 3of our �nal report: �Study of Preipitable Water Vapor (PWV) at Llano de Chajnantor�. Inthis methodology temperature and relative humidity vertial pro�les from FNL analyses [5℄were used to alulate the PWV from GOES-12. PWV values alulated from FNL and fromGOES-12 were validated against those alulated from radiosondes.This methodology was developed for Llano de Chajnantor, spei�ally for APEX observatory.For this reason, all neessary hanges in the methodology were made to implement it in LaSilla and Paranal sites.5.1 First Campaign: La Silla ObservatoryFigure 5.1 shows the time series of PWV for La Silla site. GOES-FNL overestimates by morethan 1.5 mm the PWV alulated from radiosondes and the FNL analysis presents a underes-timation of -0.11 (Table 5.1). In regard to data dispersion FNL shows a lower error (1.18 mm)than GOES-FNL (2.32 mm).Cumulative distribution funtions (CDF) show that 25% of PWV from FNL shows an error <0.38 mm while GOES-FNL shows an error < 1.06 mm. Furthermore, 95% of FNL data andGOES-FNL have errors < 2.59 mm and 5.32 mm, respetively.
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CHAPTER 5. EVALUATION OF GOES-12 15
SP/Observatory La Silla APEXGOES-FNL FNL GOES-FNL FNL RadCorr 0.81 0.78 0.93 0.96 0.99BIAS 1.89 -0.11 0.39 0.31 0.13RMSE 2.32 1.18 0.47 0.55 0.56SP/Observatory Paranal (1) Paranal (2)GOES-FNL FNL GOES-FNL FNLCorr 0.25 0.76 -0.20 0.04BIAS 1.68 1.29 3.25 1.35RMSE 2.11 1.55 3.73 1.75Table 5.1: Statistis parameters of GOES-FNL and the FNL analysis for the four radiosondesampaigns.
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Figure 5.1: Time series of PWV for the First Campaign at La Silla. The red line represents thePWV measured by radiosondes, blue line GOES-FNL and the blak line is the FNL analysis.5.2 Seond Campaign : APEX ObservatoryFor this site, we inludes PWV values from APEX radiometer to the omparison. Figure5.2 shows that GOES-FNL and FNL analysis have the same tendeny than that shown byradiosondes but overestimate it by less than 0,5 mm (Table 5.1). The same performane is
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Figure 5.2: Time series of PWV for the Seond Campaign at APEX. The red line represents thePWV measured by radiosondes, the magenta line is the radiometer, the blue line GOES-FNLand the blak line is the FNL analysis.
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with the radiometer but the overestimation is less than 0.2 mm and the orrelation is 0.99(Table 5.1).In �gure 5.2 there are some missing values in the graphi. This is beause the methodologyused an not alulate PWV when louds are present. In those days, the synopti onditionwas a Cut-o� Low (CL) with presene of louds (setion 7.2.2).5.3 Third Campaign: Paranal ObservatoryPWV values from GOES-FNL and FNL analysis overestimate the PWV from radiosondes alldays. However, they show the same tendeny than observations from August 2nd to the endof the ampaign (Figure 5.3). FNL shows the best orrelation (0.76) and lowest error (< 1.60mm) with observations (Table 5.1) and 95% of FNL and GOES-FNL data have errors less than2.80 mm and 4.56 mm, respetively.5.4 Fourth Campaign: Paranal ObservatoryIn the seond PWV measurements ampaign at Paranal, GOES-FNL shows a large overestima-tion observations (Figure 5.4), showing a BIAS of 3.25 mm, a RMSE of 3.73 mm and orrelationof -0.20. On the other hand, the FNL analysis presents values of BIAS and RMSE lower than2 mm, and not orrelation at all (Table 5.1) and 25% of its data shows an error less than 0.45mm, 50% has an error < 1.48 mm and the 75% present an error <2.17 mm.The evaluation of GOES-FNL at the three study sites indiates that the best performane isobtained at APEX observatory, showing the same tendeny than radiosondes and low meanBIAS (< 0.54 mm). The largest errors were observed during the seond ampaign at Paranalwith values more than 3 mm.
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Chapter 6
Evaluation of WRF Model
The WRF model validation was performed omparing data from domain 4 (highest resolution
∼1 km) with radiosondes. Setion 6.1 will present the results from the PWV omparison andsetion 6.2 will show the vertial pro�les omparison of temperature, relative humidity, mixingratio, wind speed and diretion.6.1 Validation of PWVThe WRF model simulations were run 72 hours every day during the periods of radiosondeampaigns (Tables 3.1, 3.2, 3.3 and 3.4). Radiosondes were launhed at just 00, 06 and 12UTC in eah ampaign. Sine the WRF model performane during the 72 hours of foreastswas evaluated everyday, simulations were ompared with radiosondes at 00, 06, 12 UTC for the�rst day, at 24, 30 and 36 foreast hours for the seond day and at 48, 54 and 60 foreast hoursfor the third day.6.1.1 First Campaign: La Silla ObservatoryThe �rst PWV ampaign was onduted at La Silla site. Figure 6.1 shows a time-series om-parison between the PWV measured by the radiosonde and the PWV alulated by the WRFmodel. In this �gure, the values extrated from the WRF model overestimate the PWV bymore than 2 mm. Table 6.1 shows the errors for the three days of foreast, where the seondday of foreast present the lowest error, with RMSE and BIAS of 2.80 mm and 2.48 mm, re-spetively. The CDF funtion shows that 50% of foreasts from the seond day presents anerror bias less than 2.3 mm. A possible explanation of why the seond day of foreasts shows
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CHAPTER 6. EVALUATION OF WRF MODEL 20
the best agreement with observations ould be the fat that the model may need some time forstabilization but this should be further investigated.SP/Observatory La Silla APEXForeast (hrs) 00-06-12 24-30-36 48-54-60 00-06-12 24-30-36 48-54-60Corr 0.91 0.80 0.83 0.93 0.93 0.93BIAS 2.72 2.48 2.97 0.13 0.13 0.15RMSE 2.92 2.80 3.23 0.56 0.60 0.60SP/Observatory Paranal (1) Paranal (2)Foreast (hrs) 00-06-12 24-30-36 48-54-60 00-06-12 24-30-36 48-54-60Corr 0.82 0.71 0.66 0.48 0.61 0.31BIAS 1.47 1.68 1.93 2.43 2.09 2.35RMSE 1.66 1.88 2.29 2.53 2.27 2.52Table 6.1: Statistis parameters (BIAS, RMSE & Corr) for the four radiosondes ampaigns.
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Figure 6.2: Comparison of PWV measured by the radiosonde and the PWV from WRF modelfor APEX Observatory.
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Figure 6.2 shows a very good agreement between values simulated by the WRF model andthose alulated from radiosondes. During the three days of foreasts, the PWV is slightlyoverestimated by no more than 0.15 mm, with average RMSE of 0.6 mm and a orrelation of0.93 (Table 6.1). The CDF funtions indiate that errors are less than 0.58 mm in 75% of data.The performane of the model at this site is good, probably aused by the high altitude whereit is loated (∼ 5.100 m) and the very dry atmospheri onditions that predominate over theyear.6.1.3 Third Campaign: Paranal ObservatoryThe third PWV ampaign was onduted at Paranal site, in mid-winter season. Figure 6.3shows that PWV from WRF model overestimates the radiosondes by more than 1 mm duringthe three days of foreasts (Table 6.1). Table 6.1 shows that the lowest RMSE and BIAS isobserved in the �rst day of foreast, where CDF funtions indiate that 50% and 75% of datashow errors less than 1.15 mm and 1.86 mm, respetively.6.1.4 Fourth Campaign: Paranal ObservatoryThe fourth ampaign was onduted at Paranal but during the spring season (November). Theobjetive of this last ampaign was to obtain the PWV for this site during di�erent seasons.
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Figure 6.4: Comparison of PWV measured by the radiosonde and the PWV from WRF modelfor Paranal Observatory.
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The performane of the WRF model is not as good as that obtained in the third ampaign.Figure 6.4 indiates that the model does not show the same tendeny than radiosondes andoverestimates the PWV value by more than 2 mm (Table 6.1). This site also shows the lowestRMSE and BIAS during the seond day of foreasts with the largest orrelation. The CDFfuntion for the seond day of foreast shows the largest number of data with small errors(50% of data with errors less than 1.9 mm). The omparison of WRF simulations during twodi�erent seasons in Paranal may suggest that the model an better predit the old season thanthe warm season but this supposition should be further investigated.The WRF model overestimates the time evolution of PWV during La Silla and both Paranalampaigns all though it shows the same tendeny than observations. A possible soure of errorin this omparison ould be the fat that geographial oordinates used to extrat the valuesfrom the WRF model are not the same were the radiosondes were launhed. This di�ereneis not presented in APEX site beause the launhes were made very lose to the antenna(geographial oordinate used in the WRF model).6.2 Evaluation of Vertial Pro�lesWRF vertial pro�les were extrated using a bilineal interpolation to selet the point whereeah ampaign took plae. An average pro�le for WRF simulations and radiosondes werealulated and used for omparison. Vertial pro�les of temperature, relative humidity, watervapor mixing ratio, wind speed and diretion were evaluated.The temperature vertial pro�les from WRF are similar to the pro�les measured by the ra-diosondes (Figures 6.5 & 6.6). The RMSE are larger than 1ºC between 750 hPa and 600 hPaat La Silla and Paranal. The model underestimates temperature between these pressures duringthe �rst, third and fourth ampaigns (La Silla and Paranal). However, at APEX, the modelmostly overestimates temperature, but by less than 1ºC (Figure 6.5b).The omparison between relative humidity pro�les shows that the RMSE is less than 20% below300 hPa (Figures 6.7 & 6.8) although the third and fourth ampaigns show errors less than10%. Both ampaigns onduted at Paranal site present a good agreement at middle pressurelevels where the RMSE is near 0 (Figure 6.8). Above 300 hPa, the model overestimates therelative humidity values at all ampaigns.The vertial pro�les of mixing ratio are used to alulate the PWV value using equation 4.1.The WRF overestimates the mixing ratio vertial pro�les in the four ampaigns (Figures 6.9 &6.10). The best simulation of this variable were performed over the APEX site (Figure 6.9b)
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with RMSE between 0 and 0.5 mm. This may be due to the very dry onditions present at thatsite. The largest errors are found below 600 hPa with RMSE as large as 2 g/g in the fourthampaign (Figure 6.10b).Figures 6.11 and 6.12 show the vertial pro�les of wind speed. In the four ampaigns theaverage WRF vertial pro�le shows the same tendeny than that from radiosondes. The bestperformane was obtained at APEX site and at the seond ampaign over Paranal site, withRMSE less than 2 m/s (exept at upper pressure levels in APEX). The presene of the JetStream is indiated at upper pressure levels over APEX and Paranal (both ampaigns). TheWRF model reprodues the Jet Stream but underestimates its value by 1.5 m/s in APEX andthe seond Paranal ampaign and by 4 m/s during the �rst Paranal ampaign.In the ase of wind diretion vertial pro�les (Figures 6.13 & 6.14), the agreement between themodel and radiosondes is very good, exept below 700 hPa at the seond ampaign in Paranalsite where WRF shows RMSE larger than 60º and around 600 hPa in La Silla with RMSE near45º.
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Figure 6.5: Mean vertial pro�les of temperature for radiosondes (red line) and WRF model(blue line) (�rst box), vertial pro�les of BIAS (seond box) and RMSE (third box) during a)La Silla ampaign and b) APEX ampaign.
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Figure 6.6: Mean vertial pro�les of temperature for radiosondes (red line) and WRF model(blue line) (�rst box), vertial pro�les of BIAS (seond box) and RMSE (third box) during a)the �rst Paranal ampaign and b) the seond Paranal ampaign.
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Figure 6.7: Mean vertial pro�les of relative humidity for radiosondes (red line) and WRFmodel (blue line) (�rst box), vertial pro�les of BIAS (seond box) and RMSE (third box)during a) La Silla ampaign and b) APEX ampaign.
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Figure 6.8: Mean vertial pro�les of relative humidity for radiosondes (red line) and WRFmodel (blue line) (�rst box), vertial pro�les of BIAS (seond box) and RMSE (third box)during a) the �rst Paranal ampaign and b) the seond Paranal ampaign.
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Figure 6.9: Mean vertial pro�les of mixing ratio for radiosondes (red line) and WRF model(blue line) (�rst box), vertial pro�les of BIAS (seond box) and RMSE (third box) during a)La Silla ampaign, and b) APEX ampaign.
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Figure 6.10: Mean vertial pro�les of mixing ratio for radiosondes (red line) and WRF model(blue line) (�rst box), vertial pro�les of BIAS (seond box) and RMSE (third box) during a)the �rst Paranal ampaign and b) the seond Paranal ampaign.
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Figure 6.11: Mean vertial pro�les of wind speed for radiosondes (red line) and WRF model(blue line) (�rst box), vertial pro�les of BIAS (seond box) and RMSE (third box) during a)La Silla ampaign and b) APEX ampaign.
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Figure 6.12: Mean vertial pro�les for wind speed of radiosondes (red line) and WRF model(blue line) (�rst box), vertial pro�les of BIAS (seond box) and RMSE (third box) during a)the �rst Paranal ampaign and b) the seond Paranal ampaign.
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Figure 6.13: Mean vertial pro�les of wind diretion for radiosondes (red line) and WRF model(blue line) (�rst box), vertial pro�les of BIAS (seond box) and RMSE (third box) during a)La Silla ampaign and b) APEX ampaign.
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Figure 6.14: Mean vertial pro�les of wind diretion for radiosondes (red line) and WRF model(blue line) (�rst box), vertial pro�les of BIAS (seond box) and RMSE (third box) during a)the �rst Paranal ampaign and b) the seond Paranal ampaign.



Chapter 7
Synopti study
In this setion, a study of synopti patterns present during the four ampaigns is aomplishedwith the aim of identifying any orrelation between large-sale atmospheri onditions and thePWV evolution obtained from radiosondes.7.1 Data SetThe di�erent data soures used in this setion are desribed in table 7.2:Soure Data PeriodLa Silla Temperature, Pressure, RelativeHumidity, Wind Speed and Diretion May 5th to 15th of 2009WeatherStation Paranal Temperature, Pressure, RelativeHumidity, Wind Speed and Diretion July 29

th to August 10
th andNovember 9th to 19th of 2009APEX Temperature, Pressure, RelativeHumidity and Wind Speed July 7

th to 16
th of 2009Radiometer PWV (Only for APEX ampaigns) 24 hours from July 7

th to 16
th of 2009Satellite Images Visible (0.55 - 0.75 µm), Infrared(10.2 - 11.2 µm) and Water Vapor(6.5 - 7 µm) May 5th to 15th, July 7th to 16th,July 29

th to August 10
th andNovember 9th to 19th of 2009WRF Temperature, wind vetor, relativehumidity and geopotenial �elds fromdomain 1 output at 00, 06, 12 and 18 UTC forMay 5th to 15th, July 7th to 16th,July 29

th to August 10
th andNovember 9

th to 19
th of 2009Table 7.2: Data used in the synopti study.
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7.2 Synopti patternsThe synopti patterns analyzed are the same than those presented in the study of Maón, apreseleted hill to install the E-ELT observatory 1 [4℄ and in the �nal ESO projet report:�Study of Preipitable Water Vapor (PWV) at Llano de Chajnantor�.The synopti patterns identi�ed in the four ampaigns were: Antiyloni Predominane (AP),High Trough (HT), Cut-o� Low (CL), Altiplani Winter (AW) and Jet Stream (JS). Inaddition, ombinations of two synopti patterns (e.g. AP/JS, HT/JS) are also found.The four ampaigns were individually analyzed sine they were sheduled on di�erent seasonsof the year.7.2.1 First Campaign: La Silla ObservatoryEighteen radiosondes were launhed during 11 days in May, the last autumn month. Foursynopti patterns were identi�ed during this period: Antiyloni Predominane (AP), HighTrough (HT), Jet Stream (JS) and Cut-o� Low (CL).

0

1

2

3

4

5

6

7

8

9

10
Classification of PWV with synoptic patterns above La Silla Observatory on May 5th to 15th of 2009

P
W

V
 m

m

 

 

 5 May
12UTC

 6 May
12UTC

 7 May
00UTC

 8 May
00UTC

 8 May
06UTC

 9 May
00UTC

 9 May
06UTC

 9 May
12UTC

10 May
00UTC

10 May
06UTC

11 May
00UTC

11 May
06UTC

12 May
00UTC

13 May
00UTC

14 May
00UTC

14 May
12UTC

15 May
00UTC

15 May
06UTC

AP
HT−HT/JS
CL−CL/JS
HT/AP

Figure 7.1: Synopti patterns assoiated to eah PWV value measured by radiosondes aboveLa Silla Observatory.Figure 7.1 shows the time series of PWV measured by radiosondes where eah olor is assoiatedto the predominant synopti pattern at that hour. During the �rst three days the presene of1European Extremely Large Telesope.
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CL is assoiated to relatively large values of PWV (average of 7.2 mm). Figure 7.2 shows alarge water vapor ontribution in the water vapor satellite image (Figure 7.2a). The dew-pointand temperature vertial pro�les measured by the radiosonde (Figure 7.2b) shows a moist layerbetween 500 hPa and 400 hPa assoiated to loud formation. The WRF model shows a typialgeopotential �eld assoiated to CL with large RH values at its front (Figure 7.2). Figure 7.3shows the water vapor mixing ratio vertial pro�le above La Silla at that time where the largestontribution to PWV is observed from the surfae to 550 hPa with water vapor being almostonstant over that layer.Another synopti pattern present in this ampaign was HT, whih was related to large valuesof PWV, showing an average of 6.65 mm. This on�guration was identi�ed in four di�erentdays, inluding May 14that 00 UTC, when the highest value of PWV (9.6 mm) was observedon this ampaign. The water vapor satellite image at that time (Figure 7.4a) shows a relativelymoist mid to high level layer above La Silla but it is drier than that in �gure 7.2a. Theradiosonde (�gure 7.4b) shows a moist layer at higher levels with louds presene but thelargest ontribution to PWV was observed near the surfae (�gure 7.3). At that day, muhlarger values were shown from the surfae to almost 700 hPa than in May 6. Figure 7.4 showsa typial geopotential �eld present with a HT on�guration near La Silla.
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a)

b)

)Figure 7.2: May 6th at 12 UTC, a) GOES-12 Water Vapor image, b) radiosonde and ) WRFmodel at 500 hPa.
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Figure 7.3: Vertial pro�les of Mixing Radio above La Silla during May 6th at 12 UTC, May
10that 06 UTC and May 14th at 00 UTC.At the times when the AP on�guration is identi�ed over La Silla site, the lowest values ofPWV are shown 7.1. The water vapor satellite image (Figure 7.5a) shows a drier layer thanthat present in the previous analyzed days. The temperature vertial pro�les (Figure 7.5b) andthe water vapor mixing ratio pro�le indiate the presene of a drier atmosphere on that daywhere the largest ontribution to PWV was shown in thin layers near the surfae and between600 and 550 hPa.Figure 7.6 shows the histogram of the number of synopti patterns found during the �rst am-paign at La Silla observatory. The AP on�guration was more frequent during this ampaignalthough it was assoiated to relatively low values of PWV. Relatively large values of PWVwere assoiated to HT, HT/AP and CL on�gurations.



CHAPTER 7. SYNOPTIC STUDY 40

a)

b)

)Figure 7.4: May 14th at 00 UTC, a) GOES-12 Water Vapor image, b) radiosonde and ) WRFmodel at 500 hPa.
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a)

b)

)Figure 7.5: May 10th at 00 UTC, a) Water Vapor image, b) radiosonde and ) WRF model at500 hPa.
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Figure 7.7: Synopti patterns assoiated to eah PWV value measured by radiosondes on APEXObservatory.The presene of CL was identi�ed from July 13th at 00 UTC to July 15th at 00 UTC assoiatedto larger values of PWV. The average PWV over these days was 4.1 mm with near-surfaerelative humidity values ranging between 45% and 96% and wind speeds larger than 15 m/s.The in�uene of a relatively moist mid to high-level layer above APEX is observed in theGOES water vapor satellite image for July 14th at 12 UTC (Figure 7.9a). At that time,the temperature pro�les show a saturated layer from the surfae to 350 hPa assoiated tolouds formation (Figure 7.9b). Large RH values were simulated by WRF at 500 hPa (Figure7.9). After July 15th, AP and AP/JS were identi�ed, assoiated to dry onditions and a lowontribution of water vapor (Figure 7.7).Figure 7.10 shows the histogram of the number of times synopti patterns were found duringthe APEX ampaign. The AP on�guration predominated during the APEX ampaign withAP/JS and AP identi�ed on 15 from a total of 20 radiosondes launhes. Those on�gurationsshowed the lowest values of PWV with an average of 0.99 mm (AP/JS) and 0.49 mm (AP).The largest values of PWV were observed during the presene of CL with an average PWV of4.1 mm.
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a)

b)

)Figure 7.8: July 7th at 00 UTC, a)GOES-12 Water Vapor image, b) radiosonde and ) WRFmodel at 500 hPa., radiosonde, satellite image and model WRF.
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a)

b)

)Figure 7.9: July 14th at 12 UTC, a)GOES-12 Water Vapor image, b) radiosonde and ) WRFmodel at 500 hPa.
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AP/JSFigure 7.10: Histogram of the synopti pattern over APEX Observatory.7.2.3 Third Campaign: Paranal ObservatoryThis ampaign was onduted during the winter season at Paranal. Twenty three radiosondeswere launhed during the last three days of July and the �rst 10 days of August (Table 3.3).Four synopti patterns were identi�ed during this period: Antiyloni Predominane (AP),High Trough (HT), Jet Stream (JS) and Cut-o� Low (CL).Figure 7.11 shows the time series of PWV measured by radiosondes at Paranal site, whereeah olor is related to the predominant synopti pattern at the radiosonde launh time. Twosynopti patterns are assoiated to a rapid inrease in PWV, HT/JS and CL.
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Figure 7.11: Synopti patterns assoiated to eah PWV value measured by radiosondes onParanal Observatory.A rapid inrease in PWV was observed from August 1st at 00 UTC to August 2nd at 00 UTC,assoiated to HT/JS pattern. Figure 7.12a shows the water vapor satellite image for August
2nd at 00 UTC, where the largest PWV value (3.72 mm) was observed. A ertain amount ofhumidity is present above Paranal but no louds were identi�ed from the radiosonde pro�le(Figure 7.12b).Another PWV inrease was observed from August 7th at 06 UTC to August 8th at 00 UTCmainly assoiated to CL and CL/JS reahing a PWV value larger than 3 mm.The lowest value of PWV (0.4 mm) during the ampaign is present on August 4th at 00 UTC.The water vapor image at that time (Figure 7.13a) shows a muh drier mid to higher level layerthan that at August 2nd at 00 UTC, indiating the presene of AP pattern. The temperaturevertial pro�les from the radiosonde shows a muh drier atmosphere, partiularly below 400hPa (Figure 7.13b).Figure 7.14 shows the histogram of the number of times synopti patterns were identi�ed in thisampaign. The AP pattern (AP and AP/JS) predominated over the third ampaign mainlyassoiated to relatively low values of PWV. The HT-HT/JS and CL-CL/JS were found lesstimes but related to a PWV inrease.
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a)

b) )

Figure 7.12: August 2nd at 00 UTC, a) GOES-12 Water Vapor image, b) radiosonde and )WRF model at 500 hPa.



CHAPTER 7. SYNOPTIC STUDY 49

a)

b)

)Figure 7.13: August 4th at 00 UTC, a) Water Vapor image, b) radiosonde and ) WRF modelat 500 hPa.
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AP/JSFigure 7.14: Histogram of the number of times synopti patterns were found Paranal Observa-tory.7.2.4 Fourth Campaign: Paranal ObservatoryTwenty nine radiosondes were launhed during 11 days in November (Table 3.3), the last springmonth. Four synopti patterns were identi�ed during this period: Antiyloni Predominane(AP), High Trough (HT), Jet Stream (JS) and Altiplani Winter (AW).Figure 7.15 shows the time series of PWV for this ampaign where eah olor is assoiated tothe predominant synopti pattern at eah hour. During this ampaign, the PWV shows littlevariability although AP and AP/JS are related to relatively small values of PWV.The synopti pattern related to relatively large PWV values was HT/JS, with a value of 3.03mm observed on November 9th at 12 UTC (Figure 7.16). On that day, �gure 7.16a showsthe presene of water vapor from middle to higher levels of the atmosphere but no louds areindiated from the radiosonde temperature pro�les (Figure 7.16b).On November 14th at 12 UTC, the lowest PWV value (1.1 mm) was measured during AP/JSpresene. Figure 7.17a shows the presene of water vapor from mid to higher levels. A relativelymoist layer is indiated in temperature vertial pro�les from the radiosonde (Figure 7.17b).However, a muh drier layer is observed from the surfae to 300 hPa, orroborating the lowPWV value at that time.
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Figure 7.15: Classi�ation of PWV measured by the radiosondes with synopti patterns aboveParanal Observatory.A small and sustained inrease in PWV is observed from November 15th at 00 UTC to November
18th at 00 UTC under the in�uene of AW pattern. A relative large value of 2.45 mm is observedon November 17th at 00 UTC. Figure 7.18a shows moist onditions over Paranal from middleto higher levels. A relatively moist layer is indiated from radiosonde pro�les (7.18b) between400 hPa and 200 hPa with the presene of louds. However, an extremely dry layer is observedbelow loud, ausing PWV not to inrease too muh.Figure 7.19 shows the frequeny of ourrene of synopti patterns during the ampaign, whereAW and HT predominated with relatively high values of PWV (1.78 mm and 2.79 mm,respetively).
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a)

b)

)Figure 7.16: November 9th at 12 UTC, a) GOES-12 Water Vapor image, b) radiosonde and )WRF model at 500 hPa.
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a)

b)

)Figure 7.17: November 14th at 12 UTC, a)GOES-12 Water Vapor image, b) radiosonde and )WRF model at 500 hPa.
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a)

b)

)Figure 7.18: November 17th at 12 UTC, a) Water Vapor image, b) radiosonde and ) WRFmodel at 500 hPa.
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Chapter 8
Conlusions
The radiosondes ampaigns were suessfully onduted on La Silla, APEX and Paranal obser-vatories, obtaining good quality data. Radiosonde data were used to evaluate the performaneof PWV estimations and foreasts obtained from two meteorologial tools at eah site.The �rst evaluation was arried out on the estimation of PWV from GOES-12 satellite dataand FNL analysis (GOES/FNL). The omparison with radiosondes shows that GOES/FNLoverestimates PWV at the three sites. The best performane was obtained at APEX sitealthough only a small number of GOES data were available for that period. Good results werealso obtain at that site omparing with radiometer data as was shown on the projet report:�Study of Preipitable Water Vapor (PWV) at Llano de Chajnantor�.The PWV estimation from GOES/FNL at La Silla and Paranal during autumn show largererrors than those obtained at APEX but the PWV variations during these ampaigns werereprodued relatively well. On the other hand, the PWV estimation during the seond Paranalampaign shows no orrelation at all and large errors. The better agreement in APEX ould berelated to the fat that the methodology to obtain PWV from GOES was developed for APEXand later adapted to the other sites but the omparison over a muh larger period needs to bedone.The WRF meteorologial model was also evaluated with radiosondes, omparing the preditedPWV and several atmospheri vertial pro�les. In the evaluation of PWV foreasts, the bestagreement were obtained during the APEX ampaign, showing very small errors. When om-paring both Paranal ampaigns, the best model performane was obtained during winter onthe �rst ampaign. A future study using a muh larger time period ould orroborate whetherindeed the model shows a better agreement during the old season than the warm season andwhy.
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The analysis over La Silla and Paranal sites show larger errors than APEX. A possible expla-nation for this ould be that APEX is loated at ~5100 m of altitude, farther away from theoast than the other sites and with a smaller PWV seasonal variation. Another fator ouldbe that the WRF on�guration used on the three study sites is the best found for atmospherionditions at APEX site. A future study ould evaluate di�erent on�gurations for La Sillaand Paranal to obtain a better performane over eah plae.The omparison of vertial pro�les from WRF and radiosondes shows a good agreement inthe four ampaigns. In general, temperature and wind diretion simulated pro�les show goodagreement at upper levels and the largest errors near the surfae. This ould be related to thefat that the three observatories are loated over omplex terrain. The water vapor mixingratio is better reprodued at APEX site and is mostly overestimated at La Silla and Paranal,whih also in�uenes the PWV alulation over these sites. The simulated RH is overestimatedat upper levels and wind speed is reprodued well at all levels and during the four ampaigns.Using WRF simulations, GOES-12 satellite images and radiosondes vertial pro�les, the syn-opti patterns present during eah ampaign were identi�ed with the aim of identifying anyorrelation between large-sale atmospheri onditions and the PWV evolution. The synoptipatterns identi�ed in the four ampaigns were: Antiyloni Predominane (AP), High Trough(HT), Cut-o� Low (CL), Altiplani Winter (AW) and Jet Stream (JS). In addition, ombi-nations of two synopti patterns (e.g. AP/JS, HT/JS) are also found. In general, AP wasthe synopti pattern that predominated during most of the radiosonde launhing times but wasassoiated to a dry atmosphere with low PWV values. AW and HT were less frequent butwere assoiated to periods of PWV inrease and maximum PWV values.AknowledgementsThe authors express appreiation to Florian Kerber and Mar Sarazin for truth in the Astrom-eteorology group to perform the radiosonde ampaigns. To the sta� of La Silla Observatory,spei�ally to Aldo Pizarro for his help in logistis. To the sta� of APEX Observatory, speif-ially to David Rabanus who help to the transport and logistis, too. To the sta� of ParanalObservatory, spei�ally to Gordon Gillet with all help in Logistis to. And for Direion deAeronáutia Civil (DGAC), to let us launh the radiosonde in the shedule made to developthe study.



REFERENCES
[1℄ Åkerberg J.: State-of-the-art radiosonde telemetry, Eighth Symposium on Integrated Ob-serving ans Assimilation Systems for Atmosphere, Oeans and Land Surfae, Amerian Mete-orologial Soiety, 2004.[2℄ http://amsglossary.allenpress.om/glossary/searh?id=preipitable-water1[3℄ Freund & Walpde, 1990: Estadístia matemátia on apliaiones, Pearson 6º Edition, 2000.[4℄ Cuevas, O., Chaón, A., Curé, M., 2008: Analysis of loal meteorologial onditions inMaón using the MM5 modeling system. Proeedings of the SPIE, volume 7016, pp. 701620-701620-12.[5℄ http://www.arl.noaa.gov/fnl.php

58


		2010-12-16T16:42:58+0100
	Marc Sarazin




