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INTRODUZIONE IN ITALIANO 
 
Questa tesi di dottorato espone le attività svolte durante il programma di ricerca di due anni presso 
l’Istituto Nazionale di AstroFisica a Roma, Italia, come membro del Team Scientifico e Tecnico dello 
strumento VIRTIS, più un anno aggiuntivo presso l‘European Space Astronomy Center a Madrid, 
Spagna, come membro del Ground Segment Scientifico della missione spaziale Mars Express. 
 
Questo documento riassume lo studio di tutte le sezioni del Ground Segment Scientifico della Missione 
Venus Express, dalla pianificazione scientifica delle operazioni fino alla generazione, calibrazione ed 
archiviazione dei dati, inclusa l’elaborazione di prodotti ad alto livello. Qui si presenta e si discute il 
diagramma “end-to-end” dal punto di vista scientifico e tecnico, e descriviamo il flusso globale 
d’informazione: dalle richieste scientifiche originali dei ricercatori principali, alle operazioni in volo, 
l’analisi delle misure finali e l'interpretazione dei dati scientifici. Questi risultati ottenuti sono usati come 
punto d’inizio per la pianificazione di nuove osservazioni, ricominciando il ciclo e chiudendo così il 
diagramma globale. 
 
In questo documento si porge speciale attenzione alla descrizione dell’implementazione della “pipeline“ 
di dati dello strumento VIRTIS su Venus Express. Durante il programma di ricerca, sono state sviluppate 
le procedure di generazione, calibrazione ed elaborazione dati, che sono adesso usate periodicamente in 
modo automatico per elaborare i dati grezzi ed i prodotti calibrati a partire dai pacchetti di telemetria 
generati dallo strumento in volo. I prodotti finali presentati in questo lavoro sono attualmente utilizzati da 
tutto il team scientifico di VIRTIS per l’analisi dei dati, e sono distribuiti a tutta la comunità scientifica  
mediante l’Archivio di Scienza Planetaria (PSA) dell’ESA. Fino ad oggi, sono stati prodotti più di 20,000 
file grezzi e circa 10,000 file calibrati, dopo quattro anni di missione in volo attorno a Venere. 
 
Nella parte finale della Tesi, si presentano alcuni metodi avanzati d'elaborazione dei dati, sviluppati per il 
canale -M (Mapping) dello strumento VIRTIS. Questi metodi sono stati implementati per la generazione 
di mappe ad alto livello di radianza misurata su tutto il pianeta, che possono essere utilizzate per 
migliorare la comprensione della dinamica e morfologia globale dell’atmosfera venusiana. Questi metodi 
sono attualmente usati per confrontare emissioni provenienti da diversi livelli dell’atmosfera, dalla 
superficie fino all’alta ionosfera, usando i valori misurati dallo strumento a diverse bande, come le 
finestre del CO2 (1.7μm e 2.3μm), le mappe di temperature nel infrarosso termico, o tante altre emissioni 
caratteristiche della parte giorno e notte del pianeta. 
 
Questa ricerca è stata portata avanti sotto la guida e supervisione di, Giuseppe Piccioni, co-Principal 
Investigator di VIRTIS presso IASF-Roma, con il supporto di tutto il team tecnico e scientifico dello 
strumento, in particolare dai responsabili dell’archivio presso LESIA-Parigi. Questo lavoro è stato fatto 
anche in colaborazione con i centri di operazioni scientifiche e di missione (SOC/MOC) dell’ESA a 
Madrid e Darsmstadt, con la ditta Techno Systems per la validazione del software EGSE, con i 
responsabili di sviluppo dello strumento presso Galileo Avionica, e con DLR Berlin per le modifiche del 
software di bordo dello strumento. 
 
I risultati ottenuti dal lavoro tecnico e scientifico presentato qui sono attualmente usati dal team di 
VIRTIS per continuare le ricerche sull’atmosfera di Venere, per pianificare nuove misure ed in generale 
per migliorare la conoscenza globale sul sistema solare. Alla fine di questo documento mostriamo alcuni 
dei contributi tecnici e scientifici che sono stati pubblicati in diverse riviste scientifiche e conferenze 
internazionali, ed in molti articoli dell’ESA a scopo divulgativo. 
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RIASSUNTO IN ITALIANO 
 
 
1. Quadro di Riferimento Internazionale 
 
 
Il pianeta Venere 
 
Il brillante pianeta Venere, come del resto ogni altro pianeta del Sistema Solare, è proprio unico. Se ci 
limitiamo a confrontare i parametri planetari nel loro complesso, Venere appare piuttosto simile alla 
Terra: raggio e densità sono di poco inferiori, quindi sia la massa che la forza di gravità sulla superficie, 
cioè il peso, sono molto simili. La distanza dal Sole è 0.723 volte quella della Terra al Sole e la radianza 
solare che arriva a Venere è quindi il doppio rispetto alla Terra. L’albedo di Venere, a causa delle sue 
nubi molto riflettenti, è circa il doppio rispetto alla Terra, il che alla fine si traduce in un fattore 4 di 
luminosità in più di Venere rispetto alla Terra. 
 
Il problema però è che le somiglianze finiscono qui. Per esempio Venere è uno dei corpi del sistema 
solare più attivi dal punto di vista geologico, tanto che la sua superficie appare essere stata rimodellata 
non più tardi di 500 milioni di anni fa, probabilmente da una attività vulcanica su scala planetaria. Non ci 
sono tracce di tettonica a placche, un meccanismo che ha modellato la struttura delle terre emerse e dei 
mari sul nostro pianeta. I numerosi crateri da impatto visibili superano regolarmente i 2 km, perché la 
densa atmosfera funziona da scudo e si è lasciata penetrare solo dai meteoriti più grandi.  
 
Questa densa atmosfera è costituita sopratutto da biossido di carbonio, con nuvole formate da acido 
solforico e con una pressione atmosferica in superficie oltre 90 volte più elevata di quella sulla superficie 
terrestre. A causa della massiccia presenza di biossido di carbonio, l’effetto serra su Venere è enorme e 
determina una temperatura superficiale stimata intorno ai 470-480 °C: Venere è il pianeta più caldo 
dell’intero Sistema Solare. 
 
Inoltre, alcune delle cose più misteriose e particolari del pianeta non riguardano solo gli aspetti geologici 
e la composizione della sua atmosfera, ma sopratutto la sua dinamica. Venere infatti ruota in senso 
contrario alla Terra ed un giorno venusiano dura circa 243 giorni terrestri, perché il pianeta ruota intorno 
al proprio asse molto lentamente, più lentamente di quanto non ruoti intorno al Sole. Un anno venusiano 
equivale infatti a 224,7 giorni terrestri. L’atmosfera ruota rapidamente intorno al pianeta, in modo 
retrogrado concorde alla superficie, con venti che arrivano ad oltre 400km/h e formando vortici polari e 
altre strutture dinamicamente complesse. 
 
Quel che sappiamo della sua superficie viene soprattutto dalle esplorazioni eseguite con tecnica radar, in 
particolare dalla sonda della NASA Magellan negli anni ’90 e dalle sonde russe Venera negli anni ’80. Le 
Venera, fra l’altro, fecero depositare sul pianeta dei lander che riuscirono ad atterrare sulla superficie e 
raccolsero dati per circa 60 minuti, prima di essere bruciati a causa dell’alta temperatura superficiale.  
 
In 39 anni sono state lanciate 22 sonde, la maggioranza delle quali è fallita proprio per la difficoltà di 
inserirsi in orbita intorno al pianeta. Venus Express segna il ritorno a Venere dopo una pausa di ben 17 
anni, data di lancio della sonda Magellan della NASA. 
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Venus Express 
 
La missione ESA VENUS EXPRESS (VEX) è stata selezionata dal Solar System Working Group 
(SSWG) nel 2001 come possibile riutilizzo della sonda Mars Express (MEX) ed è stata lanciata con 
successo nel Novembre 2005 dal Baikonur Cosmodrome nel Kazakstan, a bordo del razzo-vettore Soyuz-
Fregat.  
Il veicolo spaziale Venus Express, ormai in orbita intorno a Venere dopo un viaggio lungo 5 mesi, ricorda 
per molti versi il suo gemello Mars Express, ma ci sono alcune differenze che gli permettono, soprattutto, 
di viaggiare in un ambiente diverso da quello marziano. Venere è più vicino al Sole ed è stato necessario 
adattare il sistema di controllo termico a temperature molto superiori rispetto a quelle marziane. Le 
dimensioni dei pannelli solari sono anche state ridotte e le antenne di collegamento con la Terra sono due 
al posto di una.  
Gli obiettivi scientifici principali di VEX sono quindi i seguenti: 

- studio della composizione della bassa atmosfera (CO, OCS, SO2, H2O) con le sue variazioni sotto 
lo strato di nubi dalle osservazioni notturne; 

- studio della struttura delle nubi e delle loro proprietà di scattering; 
- tracciatura delle nubi nella regione dell’UV (~70 km, lato diurno) e IR (~50 km, lato notturno) 
- comprensione dei fenomeni di transizione tra la troposfera, la mesosfera e la termosfera; 
- ricerca delle variazioni legate alle interazioni atmosfera-superficie, alla dinamica, alla 

meteorologia e al vulcanismo; 
- mappatura termica della superficie, inclusa la rivelazione di zone calde legate all’attività 

vulcanica; 
- ricerca di attività sismica mediante lo studio della propagazione acustica amplificata nella 

mesosfera tramite le variazioni di pressione e temperatura nella banda a 4.3mm del CO2. 
 
Per raggiungere questo scopo, la missione VEX investiga in dettaglio e globalmente l’atmosfera di 
Venere per capire, tra le altre cose, l’origine del tremendo effetto serra che esiste sul pianeta e le forze che 
generano il movimento retrogrado delle nubi e i vortici polari. Inoltre le finestre atmosferiche 
recentemente scoperte nel vicino infrarosso, intorno al micron, permettono, con la strumentazione 
selezionata per VEX, di andare a studiare l’atmosfera a diverse altitudini fino ad arrivare al suolo, per la 
prima volta in modo sistematico e a lungo termine. 
 
 
Il Core Payload della missione è costituito dei seguenti esperimenti: 

- VIRTIS (spettrometro visibile infrarosso da ROSETTA) 
- PFS (Planetary Fourier Spectrometer da MEX) 
- ASPERA 4 (rivelatore di atomi neutri da MEX) 
- SPICAV (spettrometro UV da MEX) 
- VERA (radio scienza da ROSETTA). 
- VMC (camera visibile ultravioletta) 
- MAG (magnetometro) 
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VIRTIS  
 
Il Visible and Inrared Thermal Imaging Spectrometer è uno spettrometro ad immagine per osservazione 
remota operante nelle bande dal visibile al vicino infrarosso. Ogni specifica lunghezza d’onda 
nell’infrarosso consente di vedere l’atmosfera venusiana a una quota diversa, fornendoci così una sezione 
verticale dell’atmosfera. VIRTIS è derivato dal gemello a bordo della missione operativa Rosetta con 
alcuni cambiamenti minori ed è composto da due teste ottiche, VIRTIS-M (Mapper) e VIRTIS-H (Alta 
Risoluzione Spettrale). Sebbene sia progettato per operare in un ambiente di spazio “profondo”, le sue 
caratteristiche lo rendono perfettamente in grado di operare anche in ambienti termici più ostili ma con un 
target più brillante rispetto ai corpi minori. 
 
VIRTIS-M è costituito da un canale visibile ed uno infrarosso usando lo stesso sistema ottico 
completamente riflettivo, che include un specchio di scansione per fare delle immagini in 3 dimensioni: 2 
spaziali + 1 spettrale. VIRTIS-H ha un singolo canale infrarosso ed usa un sistema ottico con prisma che 
separa lo spettro in 8 ordini di frequenza per arrivare ad una altissima risoluzione spettrale, intorno a 1nm. 
Entrambi M e H sono raffreddati passivamente a 150 K per limitare lo sfondo di radiazione sui rivelatori. 
I rivelatori IR sono ulteriormente raffreddati a 80 K per mezzo di raffreddatori criogenici miniatura a 
ciclo di Stirling. 
 
Specificazioni Tecniche: 
 

• Massa: 30 kg (Modulo Ottico: 20 kg; Elettronica: 10 kg) 
• Consumo: 40-60 W (tipico, dipende dal modo operativo) 
• Coperchi per protezione dal Sole e per la calibrazione in 

volo 
 
VIRTIS-M: 

• Rivelatore IR: HgCdTe, 438x270 pix, 38 µm 
• Rivelatore Vis: CCD, 512x1024 pix, 19 µm (raggruppati 

2x2) 
• FOV: 64 (slit)x64 (scan) mrad  
• IFOV: 250x250 µrad 
• Range Spettrale: 0.28÷1.1 µm; 1.0÷5.1 µm 
• Campionamento Spettrale: 1.9 nm Vis, 11 nm IR 

 
VIRTIS-H: 

• Rivelatore IR: HgCdTe, 438x270 pix, 38 µm 
• FOV: 1.74x0.58 mrad (dispersione 3 pix trasversale x 1 pix longitudinale) 
• Range Spettrale: 2-5 µm 
• Potere risolutivo: λ/δλ = 1500-3000 @ 3µm 
• Sensitività: ~ 5 10-4 W/(m² µm sr) @ 2.5 µm 

 
 
In accordo con lo standard PDS (Planetary Data System), i dati 
ottenuti da VIRTIS sono delle strutture a tre dimensioni, 
chiamate ’cubi’ in cui ad ogni ’dimensione’ corrisponde un ben 
preciso parametro misurato. Delle tre dimensioni, due sono 
tipicamente costituite da coordinate spaziali e la terza 
corrisponde a quella spettrale (valori di lunghezza d’onda).  

VIRTIS model 



Dottorato di Ricerca in Scienze Tecnologie e Misure Spaziali: Astronautica e Scienze Da Satellite 
 

xxii 

Introduzione al Data Pipeline 
 

 
 
Pianificazione: 
 

i. Ogni team scrive i file di puntamenti e di comandi per il suo strumento, tenendo conto degli 
obbiettivi particolari di ogni osservazione e le limitazioni presenti al momento della misura 

ii. Il Centro di Operazioni Scientifiche (SOC), sito in ESTEC (Olanda), coordina tutti i team di 
strumentazione e consolida tutti file di puntamenti e comandi, facendo tutte le verifiche termiche e 
di assetto 

iii. Il Centro di Operazioni di Missione (MOC), sito in ESOC (Germania), trascrive i file in forma di 
telecomandi e li trasmette al satellite in orbita, usando le stazioni terrestre dell’ESA, sia Cebreros 
(Spagna) o New Norcia (Australia). 

iv. Il satellite riceve i telecomandi ed esegue le misure pianificate 
 
Elaborazione Dati: 
 

i. Il satellite invia i pacchetti di telemetria, che contengono sia i dati scientifici (misurati dagli 
strumenti) che i dati ingegneristici di manutenzione (temperature, ecc)  

ii. Le stazioni terrestri ottengono tutta l’informazione dal satellite e i dati sono messi a disposizione 
dei team attraverso il Data Delivery System (DDS) del Centro di Operazioni di Missione (MOC). 

iii. Ogni team ottiene i pacchetti del suo strumento e genera i dati rilevanti seguendo lo Standard di 
Dati Planetari (PDS) a diversi livelli: 

a. prodotti di primo livello, dati leggibili in unità di misura  
b. prodotti di secondo livello, calibrati e in unita fisiche 
c. prodotti di alto livello, ad esempio ricostruzione di mosaici, proiezioni su mappe, ecc 

iv. Tutti questi dati sono inviati al Centro di Operazioni Scientifiche (SOC) per la verifica, il 
controllo e l'inserimento nel Archivio di Scienza Planetaria (PSA), accessibile da tutta la comunità 
scientifica internazionale 
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1.1 Obiettivi del programma di ricerca 
 
I obbiettivi del programma di ricerca sono divisi in quattro punti principali: 
 

- Pianificazione delle operazioni in volo dello strumento VIRTIS a bordo il satellite Venus Express, 
riguardando sempre le condizioni e parametri corrispondenti a ogni osservazione e cercando le 
massime prestazioni dei rilevatori. 

 
- Generazione periodica dei dati scientifici prodotti dallo strumento, dal basso livello alla 

calibrazione e alla distribuzione nell’archivio, cercando sempre il massimo impatto scientifico e 
rispettando in tutti i casi gli standard di dati PDS (Planetary Data System) e PSA (Planetary 
Science data Archive). 

 
- Studio ed analisi dettagliato del diagramma di dati “end-to-end”, dalla pianificazione delle 

operazioni fino alla generazione ed elaborazione dei dati. Ogni fase è analizzata sia in maniera 
singolare che da un punto di vista globale, per identificare i punti da potenziare e poter migliorare 
l’efficienza dell’intera pipeline. 

 
- Sviluppo e implementazione di metodi di elaborazione dati di alto livello, permettendo l’analisi 

avanzata dei dati scientifici, utilizzando le computazioni geometriche e l’evoluzione temporale dei 
dati. 

 
2. Descrizione Attività 
 
Work Package 100: “Science Operations Planning”. 
 
La pianificazione delle operazioni è fatta inizialmente a cicli di LTP/MTP (Long/Medium Term 
Planning), corrispondenti a periodi di 4 settimane di operazioni in volo dello strumento. Durante questi 
cicli di pianificazioni, preparati 12 settimane in anticipo, si discutono con tutti i membri del Science 
Working Team le osservazioni scientifiche da svolgere e le principali limitazioni del periodo 
corrispondente. Durante questi cicli si generano inizialmente i file relativi al puntamento dello spacecraft 
e poi i telecomandi di esecuzioni dello strumento con i parametri specifici per ogni osservazione 
pianificata. In una fase posteriore, con un anticipo di 4 settimane, si realizzano le modifiche definitive e 
dettagliate dei parametri di osservazione, in cicli di una settimana (STP, Short Term Planning). 
   
110. Studio del Sistema di Pianificazione di Strumenti (EPS) utilizzato nella preparazione delle 
operazioni in volo degli strumenti, così come gli strumenti software per visualizzazione di orbita, 
controllo termico, simulazione di puntamento, ecc. 
 
120. Partecipazioni alle discussioni periodiche (teleconferenze e riunioni) con i membri del Science 
Operations Working Group per stabilire i puntamenti ed i file di telecomandi di alto e basso livello 
(MTP/STP). 
 
130. Studio ed analisi, insieme ai Ricercatori Principali (PI’s), delle condizioni d’osservazioni (termiche, 
orbitali, datavolume, ecc.) per applicare i migliori parametri per ogni obiettivo scientifico, cercando di 
ottenere le massime prestazioni dello strumento. 
 
140. Implementazioni di modificazioni nella pianificazione per risolvere eventuali problemi tecnici ed/o 
ambientali: software bugs, illuminazione solare, communicazione, ecc. 
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Work Package 200: “Low Level Data Processing”. 
 
Lo strumento VIRTIS (Visible-InfraRed Thermal Imaging Spectrometer) sta producendo una grandissima 
quantità di dati dall’inserimento in orbita. Questi dati, organizzati in sessioni (orbite) e sottosessioni 
(cubi), sono trasferiti alle stazioni terrestri in forma di pacchetti di telemetria e sono processati dal EGSE 
(Electronic Ground Segment Equipment), da dove si generano i cubi a diversi livelli di elaborazione. 
Questi cubi sono posteriormente messi nel archivio e resi accessibili per la comunità scientifica 
internazionale. 
 
210. Utilizzazione e manutenzione del software del EGSE per processare i dati di telemetria e generare i 
cubi scientifici di primo livello. 
 
220. Studio di tutte le fasi interne delle procedure di calibrazione: thermal background correction, 
despiking, destriping, ITF, ecc. 
 
230. Analisi delle computazioni necessarie per ottenere tutti i parametri geometrici relativi alle 
osservazioni  (occorre il uso del software SPICE della NASA). 
 
Work Package 300: “Global Analysis and Improvement of Data Pipeline”. 
 
310. Analisi di tutte le fasi del “data pipeline” per identificare punti dove un potenziale miglioramento 
potrebbe essere necessario, cercando di potenziare l’efficienza globale del sistema. In particolare: 
definizione di metodi, implementazione di strumenti software e sviluppo di processi automatici ed auto-
consistenti per ogni fase della pipeline. Ad esempio, programmi automatici di formazione dati, 
generazione periodica dei file di geometria, tabelle di parametri osservativi, ecc. 
 
320. Analisi del diagramma di dati da un punto di vista globale (end-to-end), per identificare eventuali 
punti di miglioramento. In particolare, definizione di metodi o strumenti software per valutare le 
prestazioni dello strumento, così come la qualità scientifica dei dati, rispetto ai parametri usati nelle 
osservazioni. Ad esempio: definizioni di parametri di qualità, generazione di tabelle di parametri globali, 
rapporto tra le diverse fasi: pianificazione vs telemetria, telemetria vs archivio, datavolume, ecc. 
 
Work Package 400: “High Level Data Processing”. 
 
Le sottosessioni (cubi) sono classificate nella pianificazione in gruppi chiamati “Casi Scientifici”, 
dipendenti dall’obiettivo scientifico delle osservazioni (es. mosaici fatti dall’apocentro, mapping del polo, 
osservazioni di superficie, misure dal pericentro in modo “pushbroom”, limbi e occultazioni stellari, ecc.) 
 
I cubi prodotti possono essere elaborati ad alti livelli, in modo differente a seconda del tipo di 
osservazione. In molti casi l’informazione contenuta nei cubi deve essere estratta e/o riformata per 
facilitare l’analisi scientifica. Quello che segue è un elenco dei prodotti di alto livello che sono stati 
prodotti nelle diverse fasi dell’attività di ricerca: 
 
410. Ricostruzione di Mosaici: visto il ridotto Field of View (FOV) dello strumento (rispetto al pianeta), 
le osservazioni fatte dall’apocentro devono essere fatte con vari puntamenti, per poter aumentare la 
copertura della misura, formando un mosaico di cubi. Utilizzando le computazioni geometriche, è stato 
possibile riprendere i cubi appartenenti allo stesso mosaico e ricostruire un’immagine che permette uno 
studio globale della morfologia e le strutture dell’atmosfera.  
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420. Map projections: i cubi possono essere elaborati usando le computazioni geometriche e il geoide di 
riferimento del pianeta per produrre proiezioni delle misure sulla superficie, che possono facilitare 
l’analisi dell’emissione termica e l’interazione con l’atmosfera. 
 
430. Ricostruzione temporale: lo strumento genera una grande quantità di dati scientifici che coprono le 
stesse aree del pianeta o dell’atmosfera con una risoluzione spettrale molto accurata. Ad un livello 
avanzato di elaborazione, sarebbe possibile ricostruire un cubo “iper-tempòrale”, dove ci sia non solo 
l’informazione spaziale e spettrale, ma anche quella temporale, dell’evoluzione e variazione della misura 
rispetto al tempo.  
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2.1 Work Breakdown Structure 
 

Descrizione attività Ore I II III IV I II III IV I II III IV
1 0 0 “Science Operations Planning” 700 125 100 100 75 50 50 50 50 25 25 25 25

1 0 Studio dei software di pianificazione 110 50 25 25 10
1 Studio del sistema EPS 45 25 10 10
2 Studio del sistema MAPPS 65 25 15 15 10

2 0 Discussioni periodiche con SOWG 240 25 25 25 25 20 20 20 20 15 15 15 15
1 Preparazione delle discussioni 80 10 10 10 10 5 5 5 5 5 5 5 5
2 Resoluzione degli Action Items 160 15 15 15 15 15 15 15 15 10 10 10 10

3 0 Analisi delle condizioni d’osservazione 200 25 25 25 25 15 15 15 15 10 10 10 10
1 Studio degli input dati dall'ESA 80 10 10 10 10 5 5 5 5 5 5 5 5
2 Discussione della politica d'osservazione 120 15 15 15 15 10 10 10 10 5 5 5 5

4 0 Analisi delle anomalie strumentali 150 25 25 25 15 15 15 15 15
1 Studio problemi meccanici 30 5 5 5 5 5 5
2 Studio problemi di software 55 15 10 5 5 5 5 5 5
3 Studio problemi dell'elettronica 10 5 5
4 Studio problemi dei sottosistemi 30 5 5 5 5 5 5
5 Supporto aggiornamento software 25 5 5 10 5

2 0 0 “Low level data processing” 800 150 125 125 100 50 50 50 50 25 25 25 25
1 0 Utilizzazione e manutenzione del EGSE 460 100 100 100 60 20 20 10 10 10 10 10 10

1 Studio del funzionamento interno 160 80 60 20
2 Resoluzione dei problemi riscontrati 140 20 40 60 10 10
3 Rigenerazione dei dati 160 20 50 10 20 10 10 10 10 10 10

2 0 Studio della procedura di calibrazione 235 20 10 15 30 25 25 35 35 10 10 10 10
1 Aggiornamento formato dei file calibrati 50 20 10 10 10
2 Studio e perfezionamento delle procedure 185 15 30 25 25 25 25 10 10 10 10

3 0 Studio e computazione di geometria 105 30 15 10 10 5 5 5 5 5 5 5 5
1 Studio e validazione della geometria 45 30 15
2 Computazione e resoluzione errori 60 10 10 5 5 5 5 5 5 5 5

3 0 0 Global Analysis of Data Pipeline 850 50 50 50 100 100 125 100 75 75 75 50
1 0 Analisi di ogni fase in modo particolare 315 50 50 40 40 40 40 25 10 10 10

1 Automatizzazione generazione di EGSE 150 50 50 25 25
2 Automatizzazione procedure calibrazione 90 15 15 25 10 10 5 5 5
3 Automatizzazione procedure geometria 25 15 5 5
4 Automatizzazione di archivi e server 50 25 10 5 5 5

2 0 Analisi da un punto di vista globale 535 10 60 60 85 75 65 65 65 50
1 Generazione tabelle di parametri 155 10 30 30 30 15 15 15 10
2 Implementazione di controlli con HK 195 30 30 45 45 30 10 5
3 Implementazione di controlli con planning 185 10 15 20 40 50 50

4 0 0 High Level Data Processing 850 25 75 75 100 100 125 100 100 75 75
1 0 Ricostruzione di Mosaici 395 25 75 75 80 70 50 20

1 Studio e implementazione procedure 175 25 75 55 20
2 Elaborazione massiva di mosaici 220 20 60 70 50 20

2 0 Map projections 250 20 30 50 50 50 25 25
1 Studio e implementazione procedure 80 20 30 30
2 Elaborazione massiva di proiezioni 170 20 50 50 25 25

3 0 Ricostruzione temporale 205 25 30 50 50 50
1 Studio e implementazione procedure 85 25 30 30
2 Elaborazione massiva di dati temporali 120 20 50 50

5 0 0 Scrittura tesi e rapporti 550 25 25 25 25 100 100 125 125
Totale ore 3750 275 275 300 300 300 325 350 350 325 325 325 300

III anno

1150 1325 1275

I anno
Livello

II anno

 
Tabella I - Impegno Tempo Uomo, espresso in ore lavoro. Sono indicate, in modo generico, le fasi 
principali del programma di ricerca di Dottorato tenendo conto di 3750 ore lavorative nell’arco dei tre 
anni di Dottorato. La distribuzione delle ore rispetta una distribuzione dei crediti formativi extra ricerca di 
350 ore nel I anno, 175 nel II anno e 225 ore nel III anno per un totale di 750 ore (non incluse nella 
WBS). 
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2.2 Gannt Bar-Chart 

Descrizione attività Ore I II III IV I II III IV I II III IV
Evento Presentazione per la approvazione X
1 0 0 “Science Operations Planning” 700 125 100 100 75 50 50 50 50 25 25 25 25

1 0 Studio dei software di pianificazione 110 50 25 25 10
1 Studio del sistema EPS 45 25 10 10
2 Studio del sistema MAPPS 65 25 15 15 10

2 0 Discussioni periodiche con SOWG 240 25 25 25 25 20 20 20 20 15 15 15 15
1 Preparazione delle discussioni 80 10 10 10 10 5 5 5 5 5 5 5 5
2 Resoluzione degli Action Items 160 15 15 15 15 15 15 15 15 10 10 10 10

3 0 Analisi delle condizioni d’osservazione 200 25 25 25 25 15 15 15 15 10 10 10 10
1 Studio degli input dati dall'ESA 80 10 10 10 10 5 5 5 5 5 5 5 5
2 Discussione della politica d'osservazione 120 15 15 15 15 10 10 10 10 5 5 5 5

4 0 Analisi delle anomalie strumentali 150 25 25 25 15 15 15 15 15
1 Studio problemi meccanici 30 5 5 5 5 5 5
2 Studio problemi di software 55 15 10 5 5 5 5 5 5
3 Studio problemi dell'elettronica 10 5 5
4 Studio problemi dei sottosistemi 30 5 5 5 5 5 5
5 Supporto aggiornamento software 25 5 5 10 5

2 0 0 “Low level data processing” 800 150 125 125 100 50 50 50 50 25 25 25 25
1 0 Utilizzazione e manutenzione del EGSE 460 100 100 100 60 20 20 10 10 10 10 10 10

1 Studio del funzionamento interno 160 80 60 20
2 Resoluzione dei problemi riscontrati 140 20 40 60 10 10
3 Rigenerazione dei dati 160 20 50 10 20 10 10 10 10 10 10

2 0 Studio della procedura di calibrazione 235 20 10 15 30 25 25 35 35 10 10 10 10
1 Aggiornamento formato dei file calibrati 50 20 10 10 10
2 Studio e perfezionamento delle procedure 185 15 30 25 25 25 25 10 10 10 10

3 0 Studio e computazione di geometria 105 30 15 10 10 5 5 5 5 5 5 5 5
1 Studio e validazione della geometria 45 30 15
2 Computazione e resoluzione errori 60 10 10 5 5 5 5 5 5 5 5

Accertamento formazione trasversale X
Ammissione al II° anno X
Mid-Term review della tesi X
I accertamento della formazione spec. X

3 0 0 Global Analysis of Data Pipeline 850 50 50 50 100 100 125 100 75 75 75 50
1 0 Analisi di ogni fase in modo particolare 315 50 50 40 40 40 40 25 10 10 10

1 Automatizzazione generazione di EGSE 150 50 50 25 25
2 Automatizzazione della calibrazione 90 15 15 25 10 10 5 5 5
3 Automatizzazione della geometria 25 15 5 5
4 Automatizzazione di archivi e server 50 25 10 5 5 5

2 0 Analisi da un punto di vista globale 535 10 60 60 85 75 65 65 65 50
1 Generazione tabelle di parametri 155 10 30 30 30 15 15 15 10
2 Implementazione di controlli con HK 195 30 30 45 45 30 10 5
3 Implementazione di controlli con planning 185 10 15 20 40 50 50

Ammissione al III° anno X
II accertamento della formazione spec. X

4 0 0 High Level Data Processing 850 25 75 75 100 100 125 100 100 75 75
1 0 Ricostruzione di Mosaici 395 25 75 75 80 70 50 20

1 Studio e implementazione procedure 175 25 75 55 20
2 Elaborazione massiva di mosaici 220 20 60 70 50 20

2 0 Map projections 250 20 30 50 50 50 25 25
1 Studio e implementazione procedure 80 20 30 30
2 Elaborazione massiva di proiezioni 170 20 50 50 25 25

3 0 Ricostruzione temporale 205 25 30 50 50 50
1 Studio e implementazione procedure 85 25 30 30
2 Elaborazione massiva dati temporali 120 20 50 50

SW Review X
Ammissione all'esame finale X

5 0 0 Scrittura tesi e rapporti 550 25 25 25 25 100 100 125 125
Totale ore 3750 275 275 300 300 300 325 350 350 325 325 325 300

1325 1275

Evento
Evento

1150

Evento

Evento

Evento
Evento

I anno II anno III anno
Livello

 
Tabella II – Evoluzione temporale del programma di ricerca su base trimestrale in accordo con la WBS 



Dottorato di Ricerca in Scienze Tecnologie e Misure Spaziali: Astronautica e Scienze Da Satellite 
 

xxviii 

 
3. Programmi e Software Utilizzati 
 
Per le attività menzionate nei punti precedenti sono stati utilizzati diversi programmi e sistemi informatici 
dipendendo delle aree da svolgere. 
 
Software di Pianificazione: 
 

- EPS (Experiment Planning System): software sviluppato dall’ESA che permette la verifica e la 
convalida dei file di puntamento e telecomandi per le operazioni in volo dello strumento 

 
- MAPPS: software sviluppato dall’ESA che permette la simulazione delle operazioni in volo di 

tutti gli strumenti a bordo la missione Venus Express, con visualizzazione delle osservazioni sulle 
mappe di  superficie o di nubi di Venere. 

 
- Si sono anche sviluppati ed implementati diversi fogli di calcolo e piccoli programmi IDL per la 

generazione e l’analise dei file di puntamento e di telecomandi 
 
Software di Elaborazione Dati: 
 

- EGSE SW: pacchetto software (sviluppato dalla Techno Systems) che contiene diversi programmi 
per processare i pacchetti di telemetria ottenuti dal satellite ed elaborare i prodotti di dati di primo 
livello in formato PDS, così come piccoli strumenti di visualizzazione di pacchetti e cubi spettrali.  
In particolare, per questo pacchetto software è stato fatto uno studio approfondito del 
funzionamento di tutte le procedure interne e un analise delle prestazioni generali, che sono state 
discusse in svariate reunioni dedicate sia con il PI (Dott. Piccioni) che con l’azienda responsabile 
di sviluppo software, Techno systems (vedere sezione dedicata più avanti).  

 
- IDL (Interactive Data Language): linguaggio di programmazione di alto livello estremamente 

flessibile per l’analisi numerica che permette anche la visualizzazione dati, e con cui sono state 
sviluppate la maggior parte delle routines che riguardano l’elaborazione, lettura e analisi dei dati.  

 
- ENVI (Environment for Visualizing Images):prodotto pensato appositamente per l’elaborazione 

ed il trattamento delle immagini (non solo in campo satellitare ma anche chimico e medico), 
associato al linguaggio IDL. 

 
- SPICE : sistema sviluppato dal Navigation and Ancillary Information Facility della NASA per 

ottenere e processare i dati ausiliari delle missioni spaziali, in particolare quelli relativi a 
“Spacecraft, Planet, Instrument, Camera and Events” (SPICE). Il sistema prevede lo sviluppo di 
routine in IDL e in altri linguaggi: C/C++, FORTRAN e MATLAB. 

 
- In particolare sono state sviluppate ed implementate diverse routine per l’automatizzazione dei 

processi di generazione dei cubi a diversi livelli, le procedure di calibrazione e la computazione 
dei parametri geometrici. 

 
Altri strumenti software:  
 

- Software si controllo di versioni di codice: SVN e CVS 
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- Software di collegamento in rete e trasferimento di dati: FTP, sFTP, SSH, SCP, Putty, rSync, 
wGet, ecc. 

 
- Editor di testo avanzati: jEdit, UltraEdit, ecc. 

 
- Software di elaborazione documenti e fogli di calcolo: Microsoft Office, Word, Excel, 

PowerPoint, ecc. 
 
Documentazione: 
 
Tutti le procedure sviluppate sono convenientemente documentate con commenti nel codice in formato 
ASCII. Nel futuro si considerarà anche la possibilità di scrivere documentazione dedicata seguendo per 
quanto sia possibile gli standard internazionali di documentazione e modellazione software, in particolari 
quelli sviluppati dall’ESA: 
 

- European Conference for Software Standardisation: ECSS-E-40 
 

- Board for Software Standardisation and Control: PSS-05  
 

- Unified Modeling Language: UML  
 
4. Colaborazioni Nazionali ed Internazionali 
 
European Space Agency: 
 

- VSOC, Venus Express Science Operations Centre sito in ESAC (Spagna): si sono organizzate 
teleconferenze con periodicità settimanale per pianificare e stabilire i file di puntamento e 
telecomandi delle operazioni in volo dello strumento.  

 
- SWT, Venus Express Science Working Team, insieme di tutti i membri partecipanti alla missione: 

si sono organizzate riunioni con periodicità trimestrale (in Mosca, Russia; ESTEC, Olanda; La 
Thuile, Italia; Madrid, Spagna) per discutere lo stato della missione ed i risultati scientifici 
ottenuti, così come le pianificazioni per le operazioni future. 

 
- VMOC, Venus Express Mission Operations Centre sito in ESOC (Germania): si sono organizzate 

diverse teleconferenze e riunioni sporadiche per discutere le eventuali limitazioni delle 
osservazioni in volo, condizione termiche e di assetto dello spacecraft in orbita. In particolare c’è 
stata una speciale collaborazione per portare avanti l’aggiornamento del software dello strumento 
in volo. 

 
- PSA, Planetary Science Archive team, sito in ESTEC (Olanda) ed ESAC (Spagna): si sono fatte 

riunioni e teleconferenze sporadiche per discutere i formatti di dati scientifici e organizzare la 
distribuzione dei dati nel archivio per tutta la comunità scientifica internazionale 

 
- MSOC, Mars Express Science Operations Centre sito in ESAC (Spagna): ad Agosto 2008 mi sono 

trasferito in Spagna per far parte del team di operazioni scientifiche della Missione Mars Express, 
con la responsabilità di coordinare e portare avanti le attività di pianificazione della missione. 

 
- SWT, Mars Express Science Working Team, insieme di tutti i membri partecipanti alla missione: 

si sono organizzate riunioni con periodicità trimestrale (a ESAC Madrid e ESOC Germania) per 

http://www.rssd.esa.int/index.php?project=VenusExpress
http://venus.esa.int/
http://www.esa.int/SPECIALS/ESOC/index.html
http://www.rssd.esa.int/psa
http://www.rssd.esa.int/index.php?project=MarsExpress
http://mars.esa.int/
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discutere lo stato della missione ed i risultati scientifici ottenuti, così come le pianificazioni per le 
operazioni future. 

 
- MMOC, Mars Express Mission Operations Centre sito in ESOC (Germania): si sono organizzate 

diverse teleconferenze e riunioni sporadiche per discutere le eventuali limitazioni delle 
osservazioni in volo, condizione termiche e di assetto dello spacecraft in orbita. In particolare c’è 
stata una speciale collaborazione per portare avanti la validazione dei nuovi sistemi di Science 
Ground Segment della missione. 

 
Instrument Team: 
 

- VIRTIS Science Team: si sono organizzate teleconferenze e riunioni con periodicità semestrale 
(Parigi, Oxford) per discutere lo stato generale dello strumento (operazioni e archivio), così come 
i ultimi risultati scientifici ottenuti dagli analisi dati. 

 
- LESIA, Observatoire de Paris Meudon: si organizzate teleconferenze e riunioni sporadiche per 

discutere sia le pianificazioni delle operazioni in volo che i formati di dati scientifici e la sua 
distribuzione nell’archivio. 

 
- DLR, Deutschen Zentrums für Luft- und Raumfahrt (German Space Agency), sito in Germania: si 

sono organizzate teleconferenze e riunioni sporadiche per discutere e risolvere eventuali problemi 
riguardando il software a bordo dello strumento, sviluppato e mantenuto dal DLR. 

 
5. Interazioni con l’Industria 
 

- Galileo Avionica, Finmeccanica, sita a Firenze (Italia): si sono organizzate teleconferenze e 
riunioni sporadiche per discutere e/o risolvere eventuali problemi riguardando il hardware dello 
strumento, sviluppato dalla Galileo, e alcuni dettagli del software EGSE. In particolare c’è stata 
una speciale collaborazione per portare avanti l’aggiornamento del software dello strumento in 
volo. 

 
- Techno Systems: sita a Napoli (Italia): si sono organizzate riunioni e teleconferenze sporadiche 

per discutere e/o risolvere eventuali problemi nel software del EGSE (Electronic Ground Segment 
Equipment), sviluppato dalla Techno Systems. 

 
 
6. Soggiorno all’estero 
 
Al fine di migliorare la completezza scientifica e tecnica della ricerca, l’ultimo anno della ricerca si  è 
svolto presso l’Agenzia Europea dello Spazio, come parte del Science Ground Segment della missione 
Mars Express, nel European Space Astronomy Center a Madrid, Spagna. 
 

http://www.esa.int/SPECIALS/ESOC/index.html
http://servirtis.obspm.fr/Venus_Express/
http://www.lesia.obspm.fr/
http://www.dlr.de/
http://www.galileoavionica.it/
http://www.tsdev.it/
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ABSTRACT 
 
This PhD Thesis describes the activities performed during the Research Program undertaken for two 
years at the Istituto Nazionale di AstroFisica in Rome, Italy, as active member of the VIRTIS Technical 
and Scientific Team, and one additional year at the European Space Astronomy Center in Madrid, Spain, 
as member of the Mars Express Science Ground Segment. 
 
This document will show a study of all sections of the Science Ground Segment of the Venus Express 
mission, from the planning of the scientific operations, to the generation, calibration and archiving of the 
science data, including the production of valuable high level products. We will present and discuss here 
the end-to-end diagram of the ground segment from the technical and scientific point of view, in order to 
describe the overall flow of information: from the original scientific requests of the principal investigator 
and interdisciplinary teams, up to the spacecraft, and down again for the analysis of the measurements 
and interpretation of the scientific results. These scientific results drive to new and more elaborated 
scientific requests, which are used as feedback to the planning cycle, closing the circle. 
 
Special attention is given here to describe the implementation and development of the data pipeline for 
the VIRTIS instrument onboard Venus Express. During the research program, both the raw data 
generation pipeline and the data calibration pipeline were developed and automated in order to produce 
the final raw and calibrated data products from the input telemetry of the instrument. The final raw and 
calibrated products presented in this work are currently being used by the VIRTIS Science team for data 
analysis and are distributed to the whole scientific community via the Planetary Science Archive. More 
than 20,000 raw data files and 10,000 calibrated products have already been generated after almost 4 
years of mission. 
 
In the final part of the Thesis, we will also present some high level data processing methods developed 
for the Mapping channel of the VIRTIS instrument. These methods have been implemented for the 
generation of high level global maps of measured radiance over the whole planet, which can then be 
used for the understanding of the global dynamics and morphology of the Venusian atmosphere. This 
method is currently being used to compare different emissions probing at different altitudes from the 
low cloud layers up to the upper mesosphere, by using the averaged projected values of radiance 
observed by the instrument, such as the near infrared windows at 1.7 μm and 2.3μm, the thermal region 
at 3.8μm and 5μm plus the analysis of particular emissions in the night and day side of the planet. 
 
This research has been undertaken under guidance and supervision of Giuseppe Piccioni, VIRTIS co-
Principal Investigator, with support of the entire VIRTIS technical and scientific team, in particular of the 
Archiving team in Paris (LESIA-Meudon). The work has also been done in close collaboration with the 
Science and Mission Operations Centres in Madrid and Darmstadt (European Space Agency), the EGSE 
software developer (Techno Systems), the manufacturer of the VIRTIS instrument (Galileo Avionica) and 
the developer of the VIRTIS onboard software (DLR Berlin). 
 
The outcome of the technical and scientific work presented in this thesis is currently being used by the 
VIRTIS team to continue the investigations on the Venusian atmosphere and plan new scientific 
observations to improve the overall knowledge of the solar system. At the end of this document we 
show some of the many technical and scientific contributions, which have already been published in 
several international journals and conferences, and some articles of the European Space Agency used 
for public outreach. 
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1. BACKGROUND INFORMATION 

1.1. VENUS 

Venus, the ‘Morning Star’, the second closest planet to the Sun after Mercury and our closest planetary 
neighbour, has fascinated mankind from the earliest times. Named after the Roman goddess of love and 
beauty, it is the third brightest object in the sky after the Sun and the Moon. 
 

 
Figure 1. View of the Venus illuminated side (in blue) and night side (in red) as seen from the Venus 

Express remote sensing instruments VIRTIS and VMC. 
 
Since the beginning of the space era, Venus has been an attractive subject for planetary science and it was 
one of the first natural targets to explore, due to its proximity to Earth – half as far as Mars at closest 
approach. Very similar to Earth in size and mass, Venus was expected to be very like to our own planet 
when the first Russian and American space probes approached it in the early 1960s and started returning 
the first data about its atmosphere. Observers soon realised that Venus is an entirely different, exotic and 
inhospitable world, hidden behind a curtain of dense clouds of noxious gases. It has an atmosphere 
composed mainly of carbon dioxide, with a crushing surface pressure and burning-hot temperatures. The 
question then arose: Why did a planet apparently so similar to Earth evolve in such a radically different 
way over the last four thousand million years? 
 
By the mid-1990s, many ground observatories and more than twenty spacecraft had attempted to explore 
Venus. A set of orbiters and descent probes – the Soviet Venera series and the Vega balloons and landers, 
the US Mariner, Pioneer Venus and Magellan missions - tried to penetrate this hostile world to add pieces 
to the big jigsaw that Venus represented for scientists. Many missions were lost, many landers were 
destroyed by the high pressure and temperature of the Venusian atmosphere while trying to gather the 
first information about the planet. For years, the dense atmosphere with its thick cloud cover prevented 
scientists from seeing what lay below and from understanding the nature of the Venusian surface. Only 
when modern radar imaging systems became operational on space probes and at ground observatories did 
the first glimpses of the real face of Venus start to emerge. 
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1.2. VENUS EXPRESS MISSION 

 
The ESA Venus Express mission is studying Venus in greater detail than ever before, using it as a ‘living 
laboratory’ to gain better insight into the life cycles of planets like our own and perhaps help us predict 
the future for the Earth's environment. Although the distances to our planetary neighbours, Mars and 
Venus, are huge relative to those experienced in our daily lives, they are not so great when compared to 
the distances to the giant planets orbiting our star. Why then is there such a great difference between the 
environments of our planets? Mars is cold with a very thin atmosphere composed primarily of carbon 
dioxide, while Venus is very hot with a massive atmosphere also consisting primarily of carbon dioxide. 
Earth, on the other hand, balances the composition of its atmosphere with a small amount of carbon 
dioxide mixed in with a large amount of oxygen in an atmosphere dominated by nitrogen. Through a 
regular and extended period of global observations, the Venus Express instruments provide scientists with 
a broad range of spectral data in the infrared and ultraviolet spectral bands. Furthermore, in-situ 
measurements of atomic particles at the boundary between the Venusian atmosphere and space provide 
insight into the interaction with the solar wind. Magnetometer measurements support the measurements 
of plasma around the planet. The multi-disciplinary science package onboard Venus enables scientists to 
correlate many physical phenomena affecting the planet and provide cross-correlation of these 
phenomena to help them understand why Venus is so radically different from its neighbours. 
 
Venus Express is the first European mission to Venus. Despite of the fact that 25 spacecraft visited the 
planet in 1960–90, a great number of fundamental problems in the physics of Venus remain unsolved. 
Venus Express aims at a global investigation of the atmosphere, plasma environment, and some surface 
properties from orbit. 
 
The Venus Express spacecraft was launched by a Soyuz-Fregat launcher from the Baikonur Cosmodrome 
in Kazakhstan on 9 November at 04:33 CET. The launcher put the combined spacecraft and Fregat upper 
stage onto a trajectory that allowed the Fregat to circularise the orbit into a temporary parking orbit about 
190 km above the Earth. After about one revolution around the planet, the upper stage was reignited to 
put the composite on an interplanetary trajectory towards Venus. Separation of the spacecraft from the 
upper stage was commanded by the Fregat 90 minutes after launch and this action initiated the 
deployment sequence onboard the spacecraft. Once the solar arrays had been deployed and the propulsion 
system primed, the spacecraft was controlled by the Venus Mission Operations Centre at ESA’s European 
Space Operations Centre (ESOC) in Darmstadt, Germany.  
 
Venus Express spent approximately 150 days on its interplanetary journey, during which time any 
necessary trajectory corrections were made using the spacecraft's thrusters. At least one correction, 
planned to take place about sixty days after launch, was also required. On arrival at Venus, a significant 
deceleration manoeuvre was made using the spacecraft’s own engine. The 53 minute burn reduced the 
spacecraft's arrival speed by about 1.3 km/sec, sufficient for it to be inserted initially into a highly 
elliptical polar orbit around the planet, with a pericenter altitude of about 250 km and a period of about 
ten Earth days. Smaller engine burns will then be used to lower the apocenter and reach the operational 
orbit.  
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Figure 2. Venus Express trajectory from launch to orbit insertion 

 
The spacecraft arrived at Venus on 11th April 2006. After some time for trimming the orbit parameters to 
achieve the required 24 hour polar orbit, the commissioning of the spacecraft and the scientific payload 
started. Full nominal operations commenced for a period of 2 Venusian days, corresponding to 486 Earth 
days. The mission has recently been extended beyond this nominal time since the onboard consumables 
have been sized to cope with much longer time.  
 
The Venus Express payload consists to a great extent of the instruments inherited from the Mars Express 
and Rosetta missions. It includes three spectrometers: VIRTIS, the imaging and high-resolution 
spectrometer for the visible through thermal infrared spectral range, the Planetary Fourier Spectrometer 
(PFS), a high-resolution infrared spectrometer, and SPICAV, the high-resolution UV and near-IR 
spectrometer for stellar and solar occultation, and nadir observations. The optical package is 
complemented by a miniature Venus-monitoring camera operating in the visible and near-IR range. The 
ASPERA experiment will investigate in situ plasma and neutral energetic atoms around the planet. It will 
be supported by the magnetic field measurements provided by the MAG instrument. The spacecraft radio 
system complemented by an ultra-stable oscillator will constitute a radio science experiment (VeRa) that 
would study fine structure of the atmosphere and ionosphere in radio occultation mode, investigate the 
surface with bi-static radar and gravity anomaly experiments, and sound the solar corona. The broad 
spectrum of mission goals, complexity of the payload, and, finally, the existence of severe operational 
limitations due to re-use of the Mars Express spacecraft, that had been originally designed for colder 
environment at Mars, justify the need for careful planning of observations in order to effectively use the 
spacecraft and payload capabilities and to maximize overall science return. The main goal of the science 
activity planning is to fulfil the main scientific objectives of the mission, to use the payload potentials in 
an optimal and coordinated way, and to take into account the available mission resources and operational 
constraints. 
 

1.2.1. Venus Express Spacecraft 
 
The spacecraft has a cubic shape as shown in the figure below. Most of the subsystems and payloads are 
mounted on its walls and sheer panels inside the bus. Only ASPERA and MAG are accommodated 
outside the spacecraft. The propulsion system is located on the -Z side. The +X wall is almost completely 
occupied by the 1.3m body-mounted dish of the main high-gain antenna (HGA1). The opposite side of 
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the bus (-X wall) carries the cryogenic radiators of PFS and VIRTIS. The ±Y walls carry the solar panels 
and radiators that cool the equipment and some instruments. The small 0.3m dish of the second HGA 
(HGA2) and the MAG boom are mounted on the top +Z floor. The apertures of the optical instruments 
are also located on this wall. The fields of view of the optical instruments are aligned with the +Z axis of 
the spacecraft. Thus, the main observation mode is the one with the +Z axis looking at the planet. The 
solar occultation experiment requires the SPICAV solar port that points 30 degrees off +Y direction to 
look at the sun. In the radio science experiment the +X axis (HGA1) will be either Earth pointing in Earth 
occultation or pointing at the selected surface target during bi-static sounding.  
 

 
Figure 3. Venus Express spacecraft diagram 

 
 
The above described design and significant radiant solar flux at Venus impose severe limitations on the 
satellite orientation. Only the +X and +Z walls can be exposed to the sun for a long time. Illumination of 
the other panels is very limited and, if occurred, requires thermal recovery period between 12 and 22 h. 
Implications for the science operations will be discussed in more detail in Section 5.5.  
 
Two high gain antennae onboard the spacecraft will provide telecommunications with the ground stations. 
The HGA1 will be used outside quadratures, i.e., when the Earth–Venus–Sun angle is smaller than 90 
degrees. Between the quadratures close to inferior conjunction when Venus is between Sun and Earth the 
spacecraft will be flipped so that the telecommunications will be performed via HGA2. This strategy 
allows one to keep the sun permanently between the +Z and +X directions during telecommunications 
and to avoid the sun illuminating the -X wall.  
 



PhD Thesis, CISAS, Università di Padova                                                        Alejandro Cardesín Moinelo  
 

9 

Venus Express was launched on November 9, 2005 from the Baykonur cosmodrome in Kazakhstan by 
the Russian Soyuz–Fregat launcher. The spacecraft arrived at Venus on April 11, 2006. The orbital 
mission included about 50 days of commissioning, the nominal science mission of 500 Earth days (2 
Venus days) from June 4, 2006 till October 2, 2007, and the extended mission of another 500 days.  
 

1.2.2. Venus Express Orbit 
Venus Express was inserted into a very eccentric elliptical polar orbit with the apocentre distance of 
66,000 km and pericentre distance of about 250km. The revolution period is about 24 h. The pericentre 
latitude is ~78N drifting polewards very slowly. The pericenter altitude tends to increase at a rate of 1–
2km per day due to the sun gravity perturbations although this tendency varies along the mission. Specific 
manoeuvres are regularly performed to maintain the pericentre altitude in the 250–350 km range. The 
Venus Express orbit can be roughly divided in three parts: the pericentre observations (23–2 h orbital 
time), the telecommunications (2–12 h, descending branch of the orbit), and the apocentre and off-
pericentre observations (12–23 h, ascending branch). The orbit phase is maintained so that the Cebreros 
ground station is kept visible from the satellite between 2 and 12 h orbital time. The remaining 16 h are 
used for different kinds of observations. Out of the observation and telecommunication phases the 
spacecraft resides with one of the HGA earth pointing. 
 

 
Figure 4. Venus Express orbit diagram 

 
The ground station at New Norcia, Australia, is also visible around pericentre and is used for the radio 
science experiments. The DSN support to the VeRa bi-static radar, solar corona, and some radio 
occultations as well as the support for the data downlink in the periods of low data rate is agreed between 
ESA and NASA. 
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1.2.3. Venus Express Science Ground Segment 
 
The concept for controlling Venus Express is based on the use of a single control centre in conjunction 
with ESA’s new Cebreros 35 m station near Madrid (Spain). The New Norcia 35 m station near Perth (W. 
Australia) are used to support the Venus Orbit Insertion phase and for data acquisition in support of the 
Radio Science investigations. The baseline operations philosophy is to acquire scientific data primarily 
during the 95 minute pericentre planetary passes, store it onboard, and downlink it during a single pass 
each day.  
 
All phases of the mission are controlled from the Venus Express Mission Operations Centre (VMOC) 
located at ESOC. The Launch and Early Orbit Phase (LEOP) use the Main Control Room (MCR) at 
ESOC and is be supported for tracking, telemetry and commanding by the ESA ground stations in Kourou 
(French Guiana) and New Norcia. The VMOC is the primary interface with the spacecraft through the 
ground station(s) and is responsible for monitoring and control of the complete mission. The principal 
mode of operations is that all routine payload operations must be pre-planned and executed according to 
an agreed Science Activity Plan (SAP).  
 
There are no real-time payload operations foreseen, other than the near-real-time interactive operations at 
the time of commissioning (initial turn-on, calibration) and/or during contingency situations. The 
respective procedures are contained in the Flight Operations Plan (FOP). Following launch, the 
performance of each spacecraft subsystem is checked out, followed by a sequential switch-
on/commissioning of each experiment. Cruise operations follow this checkout phase.  
 

 
Figure 5. Venus Express ground segment diagram (simplified) 
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From launch until the end of the mission, facilities and services are provided to the scientific community 
for the planning and execution of scientific data acquisition. This includes the generation and provision of 
complete raw-data sets and the necessary auxiliary data to the Principal Investigators (PIs). The Venus 
Express Science Operations Centre (VSOC) support scientific mission planning and experiment 
command request preparation for consolidated onward submittal to the VMOC. The VSOC is managed 
by the Research and Scientific Support Department at ESAC in Spain. The VSOC undertakes the short-
term science coordination and mission planning, and the Data Handling and Archive Service makes the 
preprocessed scientific data and the scientific data archive available to the scientific community. 
 

1.3. VIRTIS INSTRUMENT 

 
VIRTIS (Visible Infra Red Thermal Imaging Spectrometer) is an imaging spectrometer which allows 
Venus Express to map details of the Venus planet from the surface up to the thermosphere. Therefore its 
scientific objectives cover a large field, not only in meteorology of the middle atmosphere, as expected 
from optical remote sensing instruments, but also in geology, through the near infrared deep windows 
sounding down to the surface, and in dynamics and composition of the upper atmosphere, through non-
LTE emissions of CO2 and airglow measurements. 
 
VIRTIS is constituted of three data channels in one compact instrument. Two of these channels, one 
visible (0.25-1μm) and one infrared (1-5 μm) are committed to spectral mapping, and are housed in the 
Mapper (-M) optical subsystem. One channel is devoted solely to spectroscopy at high resolution, and is 
housed in the High resolution (-H) optical subsystem (2-5 μm). Both channels usually operate 
simultaneously, but can also work separately, depending on observing modes. They are aligned to the 
boresight and have combined operations in order to provide a spectral image of 64 milliradians from the 
two VIRTIS-M channels, associated with one (or several) spectrum from VIRTIS-H channel. 
 

1.3.1. Scientific Objectives 
As a generalist instrument, VIRTIS has many scientific objectives, which are summarized below: 
 

- Study of the lower atmosphere composition (CO, OCS, SO2, H2O) from 1-2.5 μm night side 
atmospheric windows 

- Study of the cloud structure, composition and scattering properties 
- Cloud tracking in the UV and IR, for retrieval of the vertical field of wind velocities 
- Measurements of the temperature field 
- Lightning search 
- Mesospheric sounding 
- Search for variations related to surface/atmosphere interaction 
- Temperature mapping of the surface 
- Search for seismic wave activity (tentative) 

 
In addition, VIRTIS also provides high definition images of Venus of great value for public outreach 
program. 
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1.3.2. VIRTIS Channels 
 
VIRTIS-M:  
 
Main purpose: spectral mapping visible and infrared at moderate spectral resolution. Below a list of some 
of the multiple science objectives of this channel both in the night and day side of the planet. 
 

- Night side 
 

o Surface mapping (using measurements at 1.02, 1.1, and 1.18 μm) 
o O2 emission (at 1.27 μm) 
o Lower atmospheric sounding (H2O) 
o Lightning search 
o Clouds morphology and structure 
o Dynamics 
 

- Day side 
 

o UV cloud absorber signature / correlation with IR absorptions 
o O2 emission (at 1.27 μm), also observed at day 
o CO2 non LTE emissions (nadir and limb observations) 
o Clouds morphology 
o Dynamics 

 
VIRTIS-H:  
 
Main purpose: high spectral resolution for minor constituent detections and rotation/vibration structure 
resolved in spectral bands. We show below a list of some of the multiple science objectives of this 
channel in both the night and day side of the planet. 
 

- Night side 
 

o 2.3 micron lower atmosphere sounding: OCS, CO, H2O measurement 
o thermal profile from CO2 4.3 μm profile inversion 
 

- Day side 
 

o fluorescent emission at 4.3 micron ( nadir and limb) 
o Cloud IR absorptions 

 
Due to the high sensitivity of its infrared detectors, the observations with VIRTIS give a high signal to 
noise on the day side in a very short time; night side observations on the contrary need longer integration 
(up to 18s depending on the science objective), still fully compatible with orbital operations. The main 
difficulty for reconstructing images of the planet is the dwell time, too short at pericenter to allow 
VIRTIS to build images. This remark has leaded the VIRTIS team to require observations at different 
positions along the orbit, contrary to the Mars Express observation strategy. 
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1.3.3. Instrument Design 
The VIRTIS instrument combines a double capability: high-resolution visible and infrared imaging in the 
0.25-5 μm range at moderate spectral resolution (VIRTIS-M channel) and high-resolution spectroscopy in 
the 2-5 μm range (VIRTIS-H channel). The two channels observe the same target in combined modes to 
take full advantage of their complementarities. VIRTIS-M (named -M in the following) is characterized 
by a single optical head consisting of a Shafer telescope combined with an Offner imaging spectrometer 
and by two two-dimensional FPAs: the VIS (0.25-1 μm) and IR (1-5 μm). VIRTIS-H (-H) is a high-
resolution infrared cross-dispersed spectrometer using a prism and a grating. The 2-5 μm spectrum is 
dispersed in 8 orders on a focal-plane detector array. 
 
 

 
Figure 6. VIRTIS instrument model 
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Table 1. Characteristics of the VIRTIS instrument onboard Venus Express 

More information on the instrument design can be found in the reference documentation RD01 (see 
section APPENDIX G – REFERENCE TECHNICAL DOCUMENTATION). 
 

1.3.4. VIRTIS Optics module Architecture 
 
The following figure is a representation of the original VIRTIS Optics Module as used in the Rosetta 
mission. Some minor modifications were applied to the Venus Express version, although they are not 
mentioned here as they have no impact in the present study. 
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Figure 7. VIRTIS experiment design: 1) –M optical head; 2) –M entrance baffle and cover; 3) –M 
cryocooler; 4) –H optical head; 5) –H entrance baffle and cover; 6) –H cryocooler; 7) radiator; 8) 

titanium rods; 9) mechanical baseplate. 
 
The -M optical concept is inherited from the visible channel of the Cassini Visible Infrared Mapping 
Spectrometer (VIMS-V) developed at Officine Galileo (Brown et al., 2004). There are two unique optical 
systems housed in the Optics Module: the -M imaging spectrometer and the -H echelle spectrometer.  
 
The main functions of the Optics Module (OM) are to provide a mechanical support for the -M and -H 
optical subsystems, while maintaining them at an operative temperature of 130 K (goal), and the two IR 
focal planes at a temperature of 70 K. For these purposes, the OM is divided in two principal functional 
parts: a warm enclosure and a cold enclosure (in the following simply named as cold box). The warm 
enclosure includes the OM baseplate, the Inter-Unit Harness brackets, the Active Cooling Subsystem (a 
pair of cryocoolers, one for -M and one for -H) and the structural truss which thermally insulates the 
upper cold box from the baseplate. The cold box includes the two optical subsystems -M and -H, mounted 
on a cold ledge which supports also the covers mechanisms, the two baffles and the Passive Cooling 
hardware. The -M and -H are coaligned and boresighted to the positive +Xv direction of the Optics 
Module. 
 
The VIRTIS version of this concept uses a Shafer telescope joined at the entrance slit of an Offner grating 
spectrometer to disperse a line image across two FPAs.  The -H uses a cross dispersing prism and a flat 
diffraction grating to lay ten high resolution orders across a FPA. The two optical systems compensate  
for  each other  in  the sense that -M can first map the comet  by creating  moderately high resolution 
spectral images and  then the -H can perform very high resolution spectroscopy  on selected zones of 
interest. 
 

1.3.5. VIRTIS-M Optical design 
The –M uses a Shafer telescope consisting in the combination of an inverted Burch telescope with an 
Offner relay. The Offner relay takes the curved, anastigmatic virtual image of the inverted telescope and 
makes it flat and real without losing the anastigmatic quality. Coma is compensated by putting the 
aperture stop near the center of curvature of the primary mirror and thus making the telescope 
monocentric. The result is a telescope built only with spherical mirrors which remains diffraction limited 
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over an appreciable spectrum and field:  at ±1.8 degrees the spot diameters are less than 6 μm in diameter, 
which is 7 times smaller than the slit width. 
 
More information about the optical design for the VIRTIS-M instrument can be found in Brown et al. 
2004, RD11. A brief description of each module is shown hereafter. 
 

 
Figure 8 VIRTIS-M optical design: Shafer telescope and Offner spectrometer. 

 

1.3.5.1. Shafer telescope 

Shafer's concept is based on an inverted Burch telescope adapted with an Offner relay. The original Burch 
telescope, consisting of two concentric spheres, is corrected for spherical aberration, coma, and 
astigmatism, but having a curved field and an obscured secondary mirror larger than the primary. When 
the telescope is inverted, as in Shafer's concept, the primary is larger than the secondary and the 
anastigmatic feature remains, albeit the image is virtual and behind the secondary. Shafer used the Offner 
relay, consisting of two off-axis concentric spheres operating at unit magnification, to provide a real 
image on a flat, distortion-free field. 
 
The figure below shows a two-dimensional ray trace of the Shafer telescope. Quasi-collimated light enters 
at O (or within the 1 .2° scan angles) and reflects off the decentered concave primary mirror onto the 
tilted folding fiat. The flat redirects the converging beam through the first field stop to the convex 
spherical secondary. From the Burch secondary, the light enters the Offner relay by reflecting off the 
large concave spherical mirror onto the convex spherical secondary, which is the aperture stop. From the 
stop mirror the beam reflects back onto to the large relay mirror before exiting through the imaging slit to 
the spectrometer. 
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Figure 9. Shafer telescope concept. 

1.3.5.2. Offner spectrometer 

The Offner relay is remarkable not only for its utility, but for its simplicity. Most spectrometers rely on 
cumbersome, obscured reflecting collimators coupled to cameras or several refracting elements to achieve 
high resolution performance. A major breakthrough for this optical design was the discovery that the 
Offner configuration could be used in the spectrometer without requiring additional correcting optics if it 
was scaled down sufficiently to fit inside the tight boundaries. The limitation on miniaturization was the 
mechanical tolerance problems associated with fabricating a grating of a small radius of curvature. 
 
Two ray trace views of the spectrometer are provided in the figure to show how the relay is twisted out of 
plane. The diffracted beam returns to the relay mirror before it ventures toward the detector plane. From 
this view the Offner configuration resembles the relay of the telescope, but here the full field of the beam 
must pass obliquely rather than tangentially by the small secondary, and so the decentre is much greater.  
 

 
Figure 10. Offner spectrometer concept 

 
The Offner spectrometer not only does away with redundant optical systems, it eliminates the need for 
collimators, camera objectives, and beam splitters and thereby simplifies fabrication and minimizes 
volume and mass.  However, a grating spectrometer that does not rely on a collimator and camera 
objective requires perfect matching to its collecting telescope. 
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1.3.5.3. Diffraction grating 

The -M spectrometer does not need the beam splitter by realising two different groove densities on a 
single grating substrate. The grating profiles are holographically recorded into a photoresist and then 
etched with an ion beam. Using various masks the grating surface can be separated into different zones 
with different groove densities and different groove depths as shown in the figure below. 
 
The VIS  regions, which make up the central  30% of  the conjugate pupil area, correspond to the higher 
groove  density for  generating the higher spectral resolution required in the “visible” channel extending 
from the ultra-violet to the  near infrared. The smaller pupil area allows the visible channel to operate 
partial coherently and achieve a smaller point spread function. It should now obvious that an on-axis 
telescope cannot be used with this grating concept because the visible portion of the conjugate grating 
surface would be obscured by the secondary mirror of the telescope. 
 
The reflected infrared solar irradiance is quite low and is not adequately compensated by the infrared 
emissions.  The infrared channel therefore requires a greater pupil area, about 70%. 

 

Figure 11. Design of the –M grating: the central zone (A1, A2) is used for the VIS channel while the 
external for the IR range. In the VIS region the laminar groove density is equal to 267.8 mm-1; the 
grooves depth in the A1 zone is 230 nm while in the A2 340 nm. The IR corona has a blazed groove 
density equal to 53.8 mm-1. 
 
Since the infrared channel does not require as high a resolution as the visible channel, the lower MTF 
caused by the visible zone’s obscuration of the infrared pupil is acceptable. In any case, the spot diagrams 
for all visible and infrared wavelengths at all field positions are within the dimension of a 40 μm pixel. A 
laminar grating with a rectangular groove profile  is used  for  the  visible channel’s pupil  zone  to  enable  
two different  groove  depths  to  alter  the  grating  efficiency spectrum and compensate for the low solar 
energy and  low  CCD quantum  efficiency  in  the ultra-violet  and  near  infrared regions. The resulting 
efficiency improves the instrument’s dynamic range by increasing the S/N at the extreme wavelengths 
and preventing saturation in the central wavelengths. For the infrared zones, a blazed groove profile is 
used that results in peak efficiency at 5 μm to compensate for the low signal levels expected at this 
wavelength. 
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1.3.6. VIRTIS-H Optical Design 
 
Although the present document is based on the VIRTIS-M channel, a brief description of the VIRTIS-H 
channel is given here for completeness. More information can be found in the reference documentation. 
 
In VIRTIS-H the light is collected by an off-axis parabola and then collimated by another off-axis 
parabola before entering a cross-dispersing prism made of Lithium Fluoride. After exiting the prism the 
light is diffracted by a flat reflection grating, and is dispersed in a direction perpendicular to the prism 
(See figure below). The prism allows the high resolution by separating orders 7 through 16 across a two-
dimensional detector array. The spectral density grating, which is the echelle element of the spectrometer, 
to achieve very high spec resolution varies in each order between 1200 and 3500. 

 

Figure 12. VIRTIS-H optical design. 
 
Since the -H is not an imaging channel, it is only required to achieve good optical performance at the zero 
field position. The focal length of the objective is set by the required IFOV and the number of pixels 
allowed for summing. While  the telescope is f/1.6, the objective is f/1.67 and requires  five pixels  to be 
summed in the spatial direction to achieve  a  1 mrad2  IFOV  (5  x  .45 mrad  x .45 mrad). 
 
VIRTIS-H uses the same IR detector as VIRTIS-M however, due to the different design of the two 
channels, the detector is used rather differently. VIRTIS-H is a high resolution spectrometer and does not 
perform imaging; the H-IR detector is used to acquire spectra spread over its surface, thus only a portion 
of the pixels contains useful scientific data (see Figure 13). The 8 spectral orders are spread over the 
entire surface matrix. In each spectral order the spectrum covers 432x5 pixels (where 5 pixels represent 
the image of the slit size when imaged on the detector). 
 
Thus overall only 15% of the 438x270 pixels matrix surface is used. To reduce the overall data rate and 
volume, H uses the so called Pixel Map which gives the exact location of the spectra over the H-IR 
detector. The ME calculates the location of the pixels to be downloaded and passes it to PEM-H which 
then downloads them accordingly. The downloaded data are the H_SPECTRUM, a set of 432x8x5. One 
H_Spectrum can be defined as a composition of the 8 orders imaged on the H-IR detector, the 
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H_Spectrum is extracted from the two-dimensional detector by using a map of the lighted pixels based on 
8 spectral orders of 432 elements and a width of 5 pixels for each order. The 5 pixels are reduced to 1 
pixel by averaging. The H_Spectrum is composed of 3456 pixels. As H has no spatial resolution the 5 
pixels are averaged together, thus the final end-product in the H_Nominal acquisition mode is a 3456 (or 
432x8) pixels spectrum representing the full spectral range of the instrument from 1.88 through 5.03 
micron. 
 

 
Figure 13. VIRTIS-H diagram showing position of the 8 orders on the Focal Plane. 
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2. VEX SCIENCE OPERATIONS PLANNING 

2.1. OVERVIEW 

 
This section gives an overall description of the first part of the Venus 
Express ground segment, that is, the planning cycle, which is similar 
to most of the ESA planetary missions, involving the instrument 
teams, the Science Operations Center and the Mission Operations 
Center. 
 
In particular, my personal contribution to this part of the study has 
been focused in the following aspects: 
 
- Periodical discussions (weekly teleconferences) with the Science 

Operation Working Group for the definition of new pointing 
requests and new types of scientific observations. 

- Study the observation conditions (thermal, geometrical, etc) in 
order to apply the best parameters for each scientific case, trying to 
get the maximum performance of the instrument and the highest 
scientific outcome. 

- Implementation of modifications in the timeline and pointing 
requests in order to improve the instrument performance and solve 
technical issues. 

 
Although this part of the study might seem purely operational and 
routine work, it is very important for the completeness of this research, 
as a full comprehension of the planning concept and the spacecraft 
constraints is needed to reach the best scientific outcome of the 
mission. It is indeed important to note that most of improvements done 
in this part of the study, such as the innovative observation requests, 
had a direct impact in the quality of the data used for the scientific 
analysis. At the same time, many of the results shown in the coming 
sections were re-used here to plan improved observation campaigns. 

 
 Figure 14. Science Planning 
for the Venus Express mission.
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Scientific Mission is with the Venus Science Working Team (VEXSWT), which includes all Principal 
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Mission Operations Center (VMOC) and the Venus Express Science Operations Center (VSOC), which 
coordinates the inputs from the Experiment teams. The VMOC is located at ESOC in Darmstadt, 
Germany, and is responsible for the Spacecraft operations and all the real time contacts with the 
spacecraft and payload, the overall mission planning, flight dynamics and spacecraft and payload data 
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the organization of the detailed experiment information used within the planning cycles. 
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2.2.1. Science Operations Centre (SOC) 
During the pre-routine phase the Science Operations Centre was responsible for defining and requesting 
all relevant information required from the instrument teams in order to build the SOC command structures 
for all instruments. During the routine phase, and on behalf of the VEX Project Scientist, the SOC is 
responsible for the correctness and completeness of all science operation inputs required by the MOC for 
the mission planning activities for the instruments. In particular, all activities concerning scientific co-
ordination of the payload operations schedule and conflict resolution with science operations are SOC 
responsibility. Specifically, SOC has responsibility for: 
 
Pre-Routine Phase 

1. Understanding details of each instrument’s operation from Flight User Manual, meetings, e-mail 
exchanges, etc. 

2. Taking the lead in building and validating the command and modeling files for all instruments. 
3. Participation in interface testing. 

 
Routine Phase 

1. supporting and coordinating the planning activities of the VEX instrument teams in the 
preparation of science operations for their instruments 

2. providing planning and commanding information to the PIs 
3. generating and disseminating instrument command schedules (the PI Observation Request, or 

PIOR) to the instrument teams 
4. receiving and processing requests from PIs to modify their instrument command schedule (the 

PIOR Modification Request, PMRQ) 
5. iterating this PIOR/PMRQ process as necessary within the published schedule 
6. performing power usage and data volume constraint checking 
7. producing a consolidated set of instrument payload observation requests (PORs) and transferring 

these to MOC 
8. iterating, as necessary, the  instrument payload schedule with MOC and the PIs to resolve 

inconsistencies 
9. receiving, and validating, requests from the  PIs to modify their operational database entries and 

forwarding to MOC 
10. receiving, and validating, memory patch requests from the  PIs and forwarding to MOC 
11. maintaining its own commanding database in consultation with the  instrument teams 
12. coordinate and validate the PTR generation process 
13. iterate with FD and Instrument teams on the PTR to resolve inconsistencies 

2.2.2. Instrument teams 

During the pre-routine phase, the instrument teams, coordinated by each Principal Investigator (PIs), were 
responsible for providing the SOC with all requested information and to participate in the building of the 
SOC command and database structures for their instrument. During the routine phase, the PIs are 
responsible for planning the activities of their instruments within the constraints of the overall VEX 
science plan and for ensuring that the instrument payload schedule prepared by SOC is consistent with 
those plans and constraints. Specifically, the PIs have responsibility for: 
 
Pre-Routine Phase 

1. provision to SOC of details of their instrument’s operation from FUM, meetings, e-mail 
interchanges, etc. 

2. participation in the building of SOC command and database structures for their instrument. 
3. participation in interface testing. 
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Routine Phase 

1. preparing, together with the SOC, the VEX Science Activity Plan (SAP) 
2. provision of dedicated people within each Instrument team who have formal responsibility for the 

operation of the SOC/PI interface 
3. receiving and validating the planning and commanding information provided by SOC 
4. provision and revision of PI Supplementary Inputs, as required, in a timely manner  
5. receiving PIORs from SOC and instructing SOC as to their disposition 
6. generating PMRQs as necessary and forwarding them to SOC 
7. iterating this PIOR/PMRQ process as necessary within the published schedule 
8. responding to requests from SOC to resolve inconsistencies or constraint violations detected by 

MOC’s processing of the consolidated payload schedule 
9. provision to SOC of requests to modify their operational database entries 
10. provision to SOC of memory patch requests 
11. provision to SOC of necessary inputs to the SOC commanding database 
12. provide inputs for PTR generation to SOC 
13. provide Experiment Operational inputs for Medium Term Plan generation 

 

2.3. SCIENCE CASES CONCEPT 

For the scientific operations during the nominal mission, a set of ten different Science Cases have been 
defined with respect to the observations geometry and the scientific objectives. [Titov et al, 2006] 
 

• Case #1: Pericentre observations (spacecraft sizing case) 
• Case #2: Off-pericentre observations 
• Case #3: Apocentre mosaic 
• Case #4: VeRa bistatic sounding 
• Case #5: SPICAV stellar occultation 
• Case #6: SPICAV solar occultation 
• Case #7: Limb observations 
• Case #8: VeRa radio occultation 
• Case #9: VeRa solar corona studies 
• Case #10: VeRa gravity anomaly studies 

 
Each of these science cases has been studied independently to define a series of thermal profiles that 
match the scientific objectives without breaking the very restrictive thermal rules. In the figure below one 
can see some of the science cases which cover the most generic observations of the VIRTIS instrument, 
corresponding to pericenter observations (case 1), apocenter observations (case 2/3) and limb 
observations (both case 5 and 7, as the star is usually not visible by VIRTIS). 
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Figure 15. Observation diagram for Science Cases 1, 2, 3, where Venus Express observes in Nadir 

or quasi-nadir mode. 
 
 

 
Figure 16. Observation diagram for Science Cases 5 and 7, where Venus Express points to the limb 

of the planet (with or without a star) in order to observe vertical profiles of the atmosphere. 

 
EADS-Astrium, the spacecraft manufacturer, analyzed various aspects of the science cases’ 
implementation. All 10 cases were deemed feasible with some limitations that were taken into account in 
the science planning. The most severe operational constraints are the thermal ones. The Venus Express 
mission is based on the re-use of the Mars Express bus, which was designed for a much cooler 
environment. Although the spacecraft was significantly modified in order to cope with four times higher 
solar flux at Venus, the thermal aspects still strongly affect the science operations. In particular, only two 
spacecraft walls—the +Z panel with the fields of view of the optical instruments and the +X panel, which 
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carries the big antenna dish—have no limitations on solar illumination. The other spacecraft walls can 
withstand solar flux for rather limited time and after being exposed to the sun require recovery time 
between 12 and 22 h. The downlink capabilities also impose some limitations on the science operations in 
certain seasons of the mission. The analysis also showed that the other aspects and mission resources like 
power, energy, attitude control, and data-handling impose only minor limitations on the science 
operations. 
 
The analysis prior to launch proved that the Venus Express spacecraft is rather flexible and that the basic 
science cases are in many aspects well within the spacecraft capabilities. These science cases are then 
used as building blocks in the science activity planning. In order to fully exploit the spacecraft potential, 
combinations of the science cases are also implemented. The basic idea is to combine one pericenter and 
one apocentre case in each orbit. There is also a possibility to partially merge two observation types in 
one pericentre pass. For instance, a pericentre pass could consist of a limb sounding (Case 7) or stellar 
occultation (Case 5) that usually take about 30–40 min in the beginning followed by nadir observations of 
the planet (Case 1) in the end of the pericentre pass. Further development of the science case ‘‘family’’, 
their modifications and combinations in one particular orbit, are possible and their implementation may 
fully use spacecraft capabilities and resources and maximize overall science return. All these 
combinations pass specific tests in the planning system to check compatibility with the available 
spacecraft resources and compliance with the current flight rules. 
 

2.4. VEX PLANNING CYCLES FOR NOMINAL OPERATIONS 

 
VEX Mission Planning is performed in four cycles: 

• Long-term 
• Medium-term 
• Short-term 
• Very short-term 

The interaction between SOC and the instrument teams is restricted to the first three phases of Mission 
Planning. 
 

2.4.1. Long-Term Planning 
The long-term planning started long before the launch of the mission. It was performed by the SOC 
scientists together with the Science Working Team (SWT). From the mission science goals, so-called 
Science Themes and Sub-Themes were derived and split up into detailed science objectives. These were 
linked to real measurements, resulting in different sets of observations. 
 
In addition, the SOC operations engineers compiled a top-level overview of the mission, which is also 
done routinely through the life of the mission, based on the planet ephemeris geometry and the inputs 
from the VMOC: long-term orbit and events, Bit Rate information, Trajectory Maneuver Slot Schedule, 
etc. 
 
The above information was the basis for the Science Activity Plan (SAP), which consists of a timeline 
listing which Science Cases are flown for the specific orbits, taking into account also the ephemeris 
events, such as the different Occultation Seasons (Earth and Sun), and the distance to Earth, which is the 
main factor to determine the data-rate variations over the mission. Based on all this, the scientist can 
determine well in advance where specific observations should be performed and establish observation 
seasons and campaigns throughout the overall mission. 
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2.4.1.1. Science Themes 

 
There are two sides to the planning of operations on any scientific mission: the science side with their 
science goals, and the operations side with the constraints of the spacecraft and the environment. Both 
sides are studied and analysed in detail, identifying each step until one arrives down to ‘observations’. 
Observations are building blocks which perform certain measurements contributing a detailed science 
goal. Of course it is possible that more than one observation is needed to completely fulfil a science goal, 
or a repeat of observations. Also, it is possible that observations contribute to more than one science goal. 
 
From the operational side, there are operational constraints coming from the spacecraft or other 
experiments. Also, the trajectory and other environmental conditions like spacecraft illumination have an 
important influence in the timing of operations, which influence the “mission scenarios” or “orbit types” 
that contain groups of observations. 
 
This abstract structure is filled up with real science objectives, observations, and scenarios in a three-step 
planning process consisting of long-term planning, medium-term planning, and short-term planning. 

Observation
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Figure 17. General concept of science planning using science themes 

 

2.4.1.2. Science Activity Plan (SAP) 

 
The Science Activity Plan is the mechanism for harmonisation of high-level instrument team science 
requests. The SAP was originally drawn up by the Science Operations Working Group (SOWG) and 
formally approved by the SWT, but is now drawn up by the SWT. The SAP takes into account predicted 
spacecraft operations and available spacecraft resources at particular points in the mission. These will be 
consolidated into a timeline for the complete mission with science cases per orbit. The original SAP 
baseline was originally scheduled with 2 science cases per orbit, with other cases added later in the 
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planning process as possible. The extended mission SAP often has multiple science cases per orbit. In 
practice, we see that during Medium Term planning the number of science cases per orbit is raised to as 
many as 4 or 5. 

 
 Figure 18. Example of Science Cases per Orbit for Phase 1 
 
The SAP can be adjusted based on experience acquired during the mission, such as new constraints or 
new science objectives (based on science results from previous observations). The original concept of the 
SAP was structured such that the operations were planned per mission phase, although the current 
practice now is to use the Medium Term Planning cycles (MTP) as building blocks, where the SAP is 
used as the baseline for the planning process. The required changes can be made by the instrument teams 
during the MTP telecon meetings between all instrument teams. 
 

2.4.2. Medium Term Planning Process 
Based on the SAP, each month the Medium Term Plan (MTP time span is 28 days) is broken down and 
planned in more detail. The SOC, co-ordinating with the instrument teams, resolves spacecraft resource 
conflicts to harmonize 28 day segments of observations. This is done on schedule for SOC to supply 
pointing requests (PTR files) and experiment operations requests (ITL files) to MOC for analysis.  
 
The MTP generation process has a duration of about 4 weeks and consists of a number of telecons with 
all the instrument teams (one every week). The MTP is documented in the Master Science Plan (MSP) 
documents with specific updates which are closely related to the MTP development during the telecons. 
In addition, planning files (PTR and ITL files) are continuously distributed from the SOC to the 
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instrument teams, while instrument teams are providing their inputs to the SOC. The following figures 
and tables show an example of the MTP development schedule used routinely. 

 
  Figure 19. Typical MTP development schedule  
 

 Telecon MSP version PTR status ITL status 
1 Science Preparation 1 Baseline -- 
2 Kick-off 2 Draft Baseline 
3 Final Consolidated PTR 2 Final Baseline 
4 ITL Evaluation 3 Final Draft 
5 Final ITL  4 Final Final 
6 VMOC validation 5 Final Final 
7 Post observation 6 Executed Executed 

Table 2. MTP planning cycle overview 
 

2.4.2.1. Science Preparation Meeting 

During the Science Preparation Telecon, discussions are held about what science themes will be covered 
in the MTP. This is done in order to assure that the science observations are well coordinated and that 
experiments are working together in order to complete the mission science goals. 
 

2.4.2.2. MTP Kick-off Meeting 

Prior to the meeting, the SOC creates a draft PTR from the input PTRs provided by the instrument teams. 
During the MTP kick-off meeting, the SOC goes over the baseline PTR file and discuss it with the 
instrument teams if any changes are needed. In general, some of the general files are requested to be fine-
tuned by the instrument teams, in particular for specific observations. 
 
All the PTR files that require updates are identified, and the instrument teams responsible for the PTR 
change are requested to deliver the PTR updates before the next due date, typically the following 
Tuesday. The files delivered on Tuesday should be as complete and final as possible. The consolidated 
PTR created for the next meeting should be finalized as soon as possible. 
 

2.4.2.3. Final PTR Meeting 

During the MTP Final PTR meeting, the SOC goes over the consolidated PTR and discusses with the 
Instrument teams if there are any open issues. If there are, agreements are made and small updates to the 
PTR can be made before next Tuesday again. At this stage certain parts of the PTR file can already be 
considered as frozen and Instrument teams can already start with the ITL preparation for these frozen 
PTR parts. 
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2.4.2.4. ITL Evaluation Meeting 

After the last updates of the PTR have been received the SOC processes the PTR file and make a final 
thermal check on the file. In case thermal violations are found they need to be solved using PTR updates. 
After the thermal check has been passed, the Event File will be generated from the PTR file. This Event 
File will contain the so-called LIMB events, which are important for upcoming ITLs which are scheduled 
relative to the LIMB. In addition, the Event Files will contain the illumination events for the experiments, 
which will flag conflicts in case illumination constraints are violated. 
 
Now all Instrument teams focus their attention on the ITL development. For this meeting, the final ITL 
files should be generated, if at all possible. In the MSP the data-volume allocation for the experiments for 
the MTP is provided. The instrument teams should respect this data-volume allocation in the generation 
of the ITL files. Some Instrument teams (SPICAV, VeRA, VIRTIS and VMC) provide the ITL inputs 
using the LTP file format. Other Instrument teams (MAG, ASPERA) generate the ITL files based on the 
MTP files (one file per experiment per MTP). VeRA makes an additional verification on the MTP ITL 
files which were generated from their LTP ITL inputs. 
 

2.4.2.5. MTP Final ITL and PTR 

No final meeting is required after all the inputs have been received. The SOC receives ITL file feedback 
using the LTP ITLs from SPICAV, VIRTIS and VMC and the MTP ITLs (via official Interface) from 
MAG, ASPERA and VeRa. The SOC then verifies the ITLs from the instrument teams and process them 
for submission to the MOC. The SOC will process the ITLs into the so-called POR-Lite (one file with 
payload operations requests divided per experiment and per orbit). 
 
The SOC then submits the PTR and the POR-lite files to the MOC. Flight Dynamics will process the PTR 
file and generate the FD planning outputs. Then, together with the FD planning outputs the POR-lite will 
be checked by the MOC FCT. 
 
During both these steps, iterations with the SOC are possible. The SOC will co-ordinate iterations again 
with the instrument teams in order to get a harmonized set of planning files. At the end of this activity the 
on-board resource usage is fixed. The on-board resources which are relevant during this analysis are: 
Pointing, Power, OBDH bus Data Rate, Downlink Data Volume and TC Buffer Size (if appropriate). 
 

2.4.3. Short Term Planning Process 

During Nominal Operations, the instrument teams control their instruments using the PIOR/PMRQ (PI 
Observation Request and PIOR Modification Request) mechanism. Both the PIOR and PMRQ are 
defined in some detail below, along with some information on the final POR file which is generated by 
SOC for delivery to the MOC. 
 
Based on the harmonised MTP planning inputs (PTR and ITL), the SOC uses the EPS software (with 
EDF files and IBAT files as auxiliary input) to generate a PIOR file for instrument team review.  The 
transformation from MTP ITL and PTR file to PIOR files will consist of the following: 
 

- Instrument Activity Transitions (IBATS)  are resolved to telecommand (TC) sequences 
- All operations are scheduled relative to pericenter 
- Power and data-rate values are used to forward the resource usage to the ESOC Mission 

Planning System (MPS) 
- PTR ‘Description’ information is inserted as a comment for each orbit 
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Changes to the PIOR file are to be provided by the instrument teams to the SOC using the PMRQ files.  
 

2.4.3.1. Command Period 

The basic unit of operational activity between SOC, the instrument Teams, and MOC during nominal 
operations is the Commanding Period, which corresponds to 7 days of operations. With the current 
operational period of 24 hours, there are 7 orbits per Commanding Period. 
 

2.4.3.2. PIOR/PMRQ files 

The VEX PI Observation Request (PIOR) is a file that, for each VEX instrument, describes all planned 
operations for one Commanding Period (1 week). This file contains: 

 

1. information that identifies the instrument and Commanding Period to which it applies; 

2. information on the Command Sequences (CSEQ) to be applied to that instrument during that 
Commanding Period; 

3. information on any non-default parameter values to be applied to each command sequence; 

4. information on the instrument usage of spacecraft resources (power, data rate) associated with 
those CSEQs; 

5. other contextual information that will assist the instrument teams in reviewing PIOR content (e.g. 
payload level constraints such as pointing).  

 
The SOC can provide the PIOR files to the instrument teams in either of two supported formats: 

- ITL format – Similar to the one used at MTP Level, but now expanded down to TC sequences 
- POR format – Same as format that the SOC sends to VMOC 

 
ITL format is usually preferred as this format is more human readable. The Experiment Planning System 
(EPS) is able to convert from ITL to POR and vice versa, so the instrument teams may request the input 
in either format. 
 
The PIOR files are generated by the SOC using the EPS system with the MTP ITL, PTR and EDF files as 
inputs. The resulting PIOR text file is placed under configuration control at the SOC, and is then provided 
to the instrument teams for review. 
 
Instrument teams may need to make changes to the PIOR file contents. To do this, the Instrument team 
can directly edit the PIOR text file. This modified file is now called the PI Modification Request (PMRQ) 
file, which should be saved under a new file name that meets the PMRQ file naming convention and then 
returned to the SOC. 
 
The instrument teams may directly request changes to the time-tagged records (command sequences, 
power, data rate) since these apply only to each team’s instrument. Only downward changes in the power 
and data rate are allowed within the ground segment. Requests for changes to higher-level payload issues, 
such as the pointing, shall be handled in a specific way. While SOC will make reasonable efforts to trap 
errors in PMRQs and the subsequent PIORs, the ultimate responsibility for the correctness of PMRQ 
content lies with the Principle Investigator. 
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2.5. COMMUNICATIONS 

2.5.1. Information Exchange 
All exchange of technical information on interfaces, and operations between the instrument teams and the 
SOC, are copied to the VEX Project Scientist and the Science Ground Segment Manager. Files are passed 
in both directions between SOC and the Instrument Teams via e-mail and specific file transfer protocols. 
Fax and telephone are also part of the communications interface between the SOC and the Instrument 
Teams. 

2.5.2. Meetings 
- The SOC organizes the regular Science Operations Working Group (SOWG) Meetings and 

participates in Science Working Team (SWT) meetings. 
- SOC participates also in other meetings called for specific purposes relevant to the instrument 

teams. These may be meetings involving one, several or all instrument teams. 
- SOC sets up and chair specific meetings between itself and individual instrument teams to 

address specific interface issues. MOC will be invited to all these meetings. Co-location of these 
meetings with ESOC-Instrument Team meetings will take place whenever possible. 

- SOC organizes weekly planning telecom meetings in order to co-ordinate the Medium Term 
Planning Process. 

2.6. SCIENCE PLANNING TOOLS 

2.6.1. MAPPS 
The Mapping and Payload Planning Software (MAPPS) is a tool written and supported by SOC to: 
 

- Help the instrument teams plan, visualise and generate their instrument-specific SAP timeline. 
- Help the SWT produce a resource-harmonized, integrated payload operations timeline in the SAP, 

taking into account downlink periods, slews and MOC spacecraft maintenance activities. 
 

 
Figure 20. MAPPS main mapping panel shows the spacecraft ground track and instrument 
footprints over the planet. 
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Figure 21. MAPPS Timeline visualization where the planner can see the observation blocks and 
other useful parameters such as spacecraft resources, geometrical information, etc 

 

2.6.2. EPS 
The Experiment Planning Software (EPS) is used in the production of the Science Activity Plan. The 
particular functions of EPS used for this task are:  
 

- Model and operate experiments on mode level (Experiment Description File, EDF) 
- Consistency checks between the instrument timelines (ITL) on mode level 
- Consistency check between the sequences and commands contained within the VMIB data base. 
- Consistency checks between the instrument timelines (ITL) and the VMIB database. 
- ITL verification on mode level, EPS execution is prevented if ITL actions/transitions not 

consistent with mode. 
- Modelling the resource allocation over the operational timeline. 
- Output POR files for delivery to VMOC. 

 

2.7. EXPERIMENT MODELS AND GENERAL OPERATIONS FILES 

The Planning Process consists of the generation of Pointing and Experiment Operational Timelines. 
Before this process can start the available Experiment Command Sequences (CSEQs) need to be known. 
These are converted from the ESOC Database (VMIB) directly. 
 
In order to ease the planning process, Instrument Baseline Activity Transition (IBAT) files were 
constructed which consist of multiple CSEQs in order to complete a specific experiment operation. 
Furthermore constraints and resources need to be checked by the Experiment Planning System (EPS – 
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embedded in MAPPS software). Therefore modeling of the experiment and spacecraft constraints is 
required along with resource usage by the experiments (resources are power and data-rate/volume).  
 
On an even higher level than the IBATs, general experiment observations were constructed and stored in 
the so-called Observations Library (OBS_LIB) for re-use throughout the mission. The OBS_LIB consists 
of both PTR and ITL files which have been validated. These files are used for: 

 

(1) making the initial baseline for an MTP  

For example a Case 2 from the OBS_LIB will be initially scheduled for a specific Orbit. During the 
planning process it can be decided that this observation will be made specific for that orbit and the 
General Case 2 will be replaced by the specific Case 2.  
 
(2) for real re-use in the MTPs 

Certain observations are required to be performed in exactly the same way during the mission. 
Therefore the initially scheduled observation in the initial baseline for the MTP will not be changed 
and will be executed (as was done in previous MTPs). 

 
Therefore the OBS_LIB are used as initial Inputs before the Planning Process starts and serves as a 
database which aids the construction of the MTP timelines. 
 
In order to preserve a record of what files were used for each MTP, any OBS_LIB files used should be 
copied into the actual MTP directory. For example, any generic OBS_LIB files used in MTP023 should 
be copied from the OBS_LIB directory into the directory C:\PTB\VEX_SO\SAP\LTP\MTP023. If the 
OBS_LIB generic file is later updated, the version actually used in the MTP will be preserved in the 
MTP-specific directory, and the MTP files can be re-created accurately. 
 

2.7.1. Experiment Description Files (EDF) 
The instruments are modelled in the SOC Commanding Database in a series of Experiment Description 
Files (EDFs). Some of these EDFs are extracted from the operational database (VMIB) delivered to the 
SOC by the MOC (experiment commands and telecommands), and some are created by the SOC as part 
of the long term planning (IBATs, instrument modeling). The Top-Level EDF file for each experiment 
contains the INCLUDE statements of the other EDF files, as well as the main part of the experiment 
model. In general, any EDF contains the following: 
 
Experiment Field Of Views (FOVs) 
 
The Experiment FOVs are defined here in the EDFs and are used by MAPPS to be projected on the 
Venus map. When MAPPS is used with the option “Imaging from Timeline”, MAPPS will only make the 
FOV active when the experiment is in a certain mode. In addition it is possible to make the FOV active 
only for a specific action (IBAT or CSEQS).  
Example: From virtis.edf (shows for which modes FOV should be active) 
 

   FOV: MFOV_full 
   FOV_type: RECTANGULAR 
   FOV_geometric_angles: 3.67 3.67 
   FOV_active:  MODE M_SCIENCE \ 
           MODE M_H_SCIENCE 
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Experiment Modes 
 
Most experiment resources can be modeled by defining the experiment modes. Example: 
 

 Mode:  STARLIMB1 "STARLIMB1 mode" 
  Nominal_power: 17.6 
    Nominal_data_rate: 26.0 [kbits/sec] 
    Mode_constraints: SPI_CONS_WOL \ 
                       SPI_CONS_OCM 

 
The Instrument Baseline Activity Transitions (IBATs) and Command Sequences (CSEQs) define when 
an experiment should change its mode after the completion of the Action. Example: 
      

Action: SI_StarLimb1_Low "SI_StarLimb1_Low  v04" 
Action_type: BLOCK 
Duration: 20 [seconds] 
Run_type: RELATIVE 
Update_when_ready: MODE STARLIMB1 
Run_actions: \  

00:00:00 ASIF053A     # SI_StarLimb1_Low1  v04 
00:00:10 ASIF055A     # SI_StarLimb1_Low2  v03 

 
Experiment Modules 
 
For some experiments, it is required to make a specific model of a subsystem. This is done using the 
Experiment Modules. These modules can be used to check for specific constraints which apply to the 
module (sub-system): 
 

    Module: SI_SHUTTER 
   Module_state: SI_CLOSED 
   Module_state: SI_ROTATING  
     MS_constraints: SLEW_MAN  
   Module_state: SI_OPEN 
     MS_constraints: SPI_CONS_ILL_FOV 

 
Experiment Constraints 
 
Experiment Constraints are modeled based on the Event File. The constraint will always specify if an 
experiment mode or action is NOT allowed during the occurrence of and event. 
 
Example: Note that “ISPS” below is the event meaning “SPICAV Illumination Start”. 
 

    Constraint: SPI_CONS_ILL_FOV_1 "Sun in SPICAM FOV" 
     Constraint_type: TIME 
     Severity: FATAL 
     Condition: EVENT IS ISPS 

 
Example: Note that “SMAS” below is the event meaning “Slew manoeuvre Start” 
 

     Constraint: SLEW_MAN "Slew Maneuver constraint" 
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     Constraint_type: TIME 
     Severity: FATAL 
     Condition: EVENT IS SMAS  

 

2.7.2. CSEQ Experiment Description File 
The initial process of definition of command sequences (or CSEQs), in terms of the telecommands and 
parameters they contain, is an activity carried out between the instrument teams and the MOC, with SOC 
taking an active interest in this process. During this process the instrument teams may define default 
values for certain CSEQ parameters which will be held in the MOC VMIB. 
 
CSEQs are identified within the MOC database by an 8-character ID “AxxYnnnZ” and these will be the 
names used in constructing the final operation request files. The CSEQ names are derived from either 
flight control or contingency recovery procedures as contained in the Flight Operations Procedures 
(FOPs).  
 
These fields are defined as: 
 

Field Value 
A Every CSEQ starts with 'A' 
xx 2 digit instrument ID, see following Table 
Y F – Flight Control Procedure 

C – Contingency Recovery Procedure 
S - Sequence 

nnn Reference to procedure specific operations 
Z Number of sequence in a procedure (from A-Z) 

Table 3. CSEQ Naming Convention 
 
The last 2 digits of the sequence long name identify the version of the sequence. E.g.: 
 

 
 

2.7.3. IBAT Experiment Description File 

In order to automate the expansion of high level modes to low level activities and sequences, as done 
from MTP to STP level, the IBATs need to be defined. An Instrument Baseline Activity Transition 
(IBAT) File is a time-ordered sequence of calls to command sequences (CSEQs), which command an 
instrument activity or mode change. IBATS can have parameters and the parameter defaults are specified 
within the IBAT.  
 
IBAT definitions are created by the instrument teams, with the advice and assistance of the SOC. The 
IBAT must specify which TC sequences should be called in order to complete the desired instrument 
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mode transitions or activities. The IBAT file is a text file in EDF format, which contains one or more 
IBATs. This is an example of IBAT written in EDF format: 
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3. VEX SCIENCE DATA HANDLING AND ARCHIVING 
 

3.1. OVERVIEW 

 
This section gives an overall description of the second part of the Venus Express ground segment, that is, 
the data handling cycle, which is similar to most of the ESA planetary missions, involving the Mission 
Operations Center, the instrument teams, the Science Operations Center and finally the Planetary Science 
Archive Team. 
 

 
Figure 22. Science Planning for the Venus Express mission. 

 
My personal contribution to this part of the ground segment is the implementation of the data pipeline 
within the VIRTIS instrument team, which is explained in detail in the following chapters. This section 
here is given for completeness of the research work, in order to clarify the relationships with the other 
entities of the ground segment. It is indeed important to note that the implementation of the data 
generation and calibration pipelines was done in close collaboration with the Mission Operations Center 
and Planetary Science Archive teams, for the analysis and resolution of technical problems, discussion 
and definition of data structures, consistency of the PDS format labels and many other relevant issues.  

Telemetry

Instrument 
Team 

Science 
Operations 

Centre

Mission 
Operations 

Centre

Planetary 
Science 
Archive 

DATA HANDLING

Data 
products 

Telemetry 
packets 



Dottorato di Ricerca in Scienze Tecnologie e Misure Spaziali: Astronautica e Scienze Da Satellite 
 

42 

 

3.2. ROLES AND RESPONSIBILITIES 

This section describes the roles and responsibilities of the personnel and organizations involved in 
generating, validating, transferring and distributing the archive elements. Each instrument is responsible 
for the production, validation and delivery to the Planetary Science Archive (PSA); the PSA team has the 
responsibility to ensure that the archive meets Planetary Data System (PDS) standards including peer 
review of the data, advising the project and science teams on archive related issues, maintaining active 
archives of instrument products for access by the science community. 

3.2.1. Responsibilities of each Instrument Team 
Each instrument team is responsible for: 

• Formatting all data files to the required PSA standard (PDS), for describing completely the 
calibration and basic reduction procedures, for providing any software (as documented 
source code) that might be appropriate for recalibration or reprocessing, and for providing all 
necessary calibration data files. 

• Providing PSA compatible (PDS Standard) data sets to the PSA 
• Provided data shall cover at least in-flight obtained data from the commissioning phase, 

cruise phase, nominal mission and an extended mission phase. Other instrument, calibration 
or flight spare instrument data from laboratory equipment shall be ingested if desirable by 
scientific community to ensure long-term interpretability of the in-flight data. 

• Providing electronic copies of all documents needed to describe the instrument and its 
operation. Each instrument team is responsible for ensuring that there are no copyright 
restrictions on reproducing the documents in the scientific archive. 

• Ensuring that the electronic documents are in a format that is acceptable to the PSA and is 
compliant with the PDS standard. Normally this means that critical documents must be 
provided in a plain ASCII format in addition to any format that includes formatting 
information. This, in turn, means that documents not provided with an ASCII version must 
be considered optional extras and are not used as documentation to any required information. 

• Providing higher level products to the archive. These are detailed elsewhere. Each instrument 
team is responsible for collaborating with Interdisciplinary Scientists (IDSs) to ensure that 
higher-level products based on data from the appropriate instrument are properly archived. 

• Providing suitable parameter tables that contain important instrumental parameters that are 
not included as keywords in the labels. 

• Providing index tables to enable searching for desired data files in a straightforward manner. 
The index tables may be combined with the parameter tables if appropriate. 

• Solving problems that have been identified in their data sets. 
• Distribution of the data from its instrument to all members of the instrument team. 
• Following the decisions done in the SWT and DAWG meeting in respect to standard frames 

and any other conventions. 
 

3.2.2. Responsibilities of the Venus Express MOC 

ESOC VMOC is responsible for  

• Providing spacecraft auxiliary data as e.g. health and status information as ASCII files and 
sufficient documentation to understand these data; if these data sets should be provided in binary 
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format, the necessary software routines should be delivered to unpack these binary packets and to 
transform them into ASCII format.  

• Providing non-spacecraft auxiliary data as e.g. event files, the command database, list of executed 
commands, etc, in ASCII format.  

• Providing to the complete labelled telemetry stream.  

• Ensure long term storage of the PSA level 0 data  

• Ensure long term storage of the PSA level 1a data 

3.2.3. Responsibilities of the Venus Express Flight Dynamics Team (FD) 
The ESOC FD team is responsible for  

• Providing to each of the instrument teams up-to-date information on the attitude and orbital 
position of the spacecraft at the time of all observations by any instrument.  

• Providing sufficient meta-information to the orbit and attitude data to improve understanding of 
the context, e.g. link to science planning information. 

• Providing to the complete details of the orbit and attitude of the spacecraft throughout the mission. 
This may involve some software tools, at the very least for interpolating tables with the 
appropriate precision, as well as the appropriate data tables. 

• Providing retroactive updates to the orbital and attitude data products whenever the precision is 
improved. 

• Providing spacecraft auxiliary data as e.g. health and status information as ASCII files and 
sufficient documentation to understand these data; if these data sets should be provided in binary 

3.2.4. Responsibilities of Interdisciplinary Scientists 
Interdisciplinary scientists who develop higher-level data products are responsible for providing those 
products to the PSA archive team with all required ancillary information formatted and documented 
according to the PSA required standard (PDS). These higher-level data products may include products 
based solely on data from one instrument or from a combined data source from different instruments. 

Interdisciplinary scientists shall propose all possible standard references well in advance of the data 
processing: geographic reference frame, standard atmosphere, solar spectrum used for spectrometers 
calibration, etc. The proposed standard references shall be discussed and endorsed by the SWT.  
 

3.2.5. Responsibilities of the ESA PSA archive team 
The PSA archive team is responsible for  

• Ensuring the usability of the archive for the scientific community; this includes advising on 
understandability of documentation, suitability of formats, etc  

• Ensuring preservation of a long-term copy of the SFDU-labelled telemetry stream, although this 
product will not be a part of the scientific archive. This will be obtained directly from ESOC and 
need not be provided by any instrument team.  

• Advising the instrument teams regarding appropriate formats for the data from their instrument.  

• Provide validation and verification software to the instrument teams. 
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• Validating the delivered data from the PI teams to guarantee compatibility to the PSA required 
standard.  

• Conducting all peer reviews of the data, with support from the appropriate instrument team as 
needed.  

• Depositing the final archive with "deep archiving" organizations such as the World Data Centers.  

• Distributing the data to the worldwide scientific research community.  

• In case of obligations from instrument teams towards other space agencies, the PSA archive team 
will deliver the data sets under consideration to the archival system of the agency after the end of 
the official Venus Express mission in a format and way defined by the PSA archive team. The 
obligations and contracts shall be made available to the PSA archive team immediately. 

3.3. THE PLANETARY SCIENCE ARCHIVE 

The Venus Express data archive is part of the Planetary Science Archive (PSA). The PSA is an online 
database implemented by ESA/RSSD and used for all ESA’s planetary missions. It is accessible via 
http://www.rssd.esa.int/psa. The PSA supports the online ingestion of full data set releases as well as 
incremental updates of already existing data set releases. 
 
In general, the data available on the PSA are available to everybody. The PSA supports however the 
concept of users and groups and therefore it can be guaranteed that the proprietary data will be only 
accessible to authorized users. PSA users can query across instruments, missions and planetary targets. 
Downloads of individual data products or full data set releases are available via direct download or ftp-
mechanisms. Email notification on subscribed data sets is possible. 
 
The PSA is based on the Planetary Data System standard from NASA; see reference documentation for 
more details. The PSA archive team aims to be fully PDS compatible; in exceptional cases the archive 
team might advise slight changes to the existing standard. 
 

3.4. DATA GENERATION AND ARCHIVING STEPS 

3.4.1. Pre-launch Preparations 
(a) Initial agreement towards a common archiving standard. The Planetary Data System Standard is the 

base for ESA’s Planetary Science Archive and its usage is herewith a requirement from ESA. 

(b) Preparation of the Venus Express Archive Generation, Validation and Transfer Plan (this document, 
also called the Archive Plan). The Archive Plan is one common document for the whole Venus 
Express archive that describes the archive objectives, contents, organization, structure and standards 
as well as the archiving process and schedule, gives references to important archive documents, 
defines responsibilities and gives a rough idea about the data types and the data volume. 

(c) Preparation of the Experimenter to Planetary Science Archive Interface Control Documents 
(EAICD). The EAICDs are separate documents from each experiment team giving detailed 
information about the data generated by the instruments and the data products to be archived. The 
EAICDs define the PDS data types used for the data products, the naming conventions and the 
contents of the directories. They describe the edited raw data (CODMAC level 2), calibration data, 
calibrated data (CODMAC level 3), derived higher-level data products and merge products as well as 
the software algorithms for reading the PDS-labelled data products. An EAICD template is provided 
by the PSA archive team. At the commissioning phase the EAICDs should be issued. 

http://www.rssd.esa.int/psa
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(d) Regular Data Archive Working Group (DAWG) meetings are held to discuss matters of interest for 
all teams and get a status report from each team. The DAWG meetings are usually twice a year 
during the whole lifetime of the mission. 

(e) Regular Data Archive Working Group teleconferences are held, usually one per month, starting at 
least 6 months before launch. 

3.4.2. Data Flow and Data Processing 
(a) Satellite and instrument data are received by ESA ground stations or the DSN network, processed to 

raw data (CODMAC level 1) by ESOC and provided on the Data Distribution System (DDS). 

(b) The experiment teams fetch their data and check for completeness and validity 

(c) The experiment teams produce PDS labelled data products and send them to the PSA. This process 
should in principle be highly automated both for the production of the PDS labelled data products and 
for the ingestion into the PSA database, as generating PDS labelled data manually is complicated and 
prone to errors. The PSA archive team provides a verification and validation tool. Each instrument 
team shall run this validation tool successful outcome on all their data sets before a data set is 
delivered to the PSA. 

(d) The first deliveries are checked and re-validated by the PSA archive team and then ingested into the 
online PSA. After the end of the proprietary period the data is automatically made available for public 
access. Before this, only users authorized by the Principal Investigator are allowed to access the data. 

(e) The first deliveries are checked for completeness of documentation, understandability of 
documentation, correctness of software algorithms, etc. An effort is made to find problems that could 
cause the peer review to reject the data set.  

(f) Improved data products can be ingested into the PSA using the revision concept. Improved 
calibration information or updated ancillary data might be the cause of such improvements. 

(g) Interdisciplinary scientists may propose and produce new data products. The PSA archive team will 
support the interdisciplinary scientists on the format and content of the proposed data sets. 

3.4.3. Archive Validation and Distribution 
(a) The Project Scientist or a representative arranges the peer reviews. 

(b) Details, definition and goal of each peer review follows. 

(c) Initially, the peer review team judges the EAICDs on their completeness and quality. This first review 
shall be done well before the first data delivery. 

(d) The peer review team validates the data set. The tasks of the team can be best compared to the tasks 
of a referee for a paper to be published. 

(e) Arising problems are resolved by the instrument team. Data products where problems occurred and 
the peer review proposed a clear solution do not have to undergo an additional peer review. In this 
case one could fallback to audio/visual teleconferences between a single member of the peer review, 
the instrument team and the PSA archive team.  

(f) On the online PSA the data set(s) under peer review are flagged as follows: 

a. ‘Not Peer Reviewed’, before a peer review 

b. ‘In Peer Review‘, during a review process 

c. ‘Peer Reviewed’ after a successful peer review 
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(g) If a peer review fails, the appropriate data set(s) are taken out of the online PSA.  

(h) The PSA archive team will continue to support the Venus Express data archive also after the end of 
the official Venus Express mission. This support includes the production of additional information to 
increase the archive functionality. 

3.5. DATA DELIVERY SCHEDULE TO THE PSA 

The PSA archive respects the data rights defined in the Mission Definition Report. The data proprietary 
period of Venus Express is 6 months, after which the data is made fully available to the scientific 
community. 

As a daily data release scheme is impractical and costly, two different phases are introduced: the data 
collection phase and the data preparation phase. 

A data collection phase defines a period in which instrument data is acquired on board of the Venus 
Express spacecraft that is finally delivered as a unit (a delivery) to the PSA. A data preparation phase is 
the period of time following the data collection phase that is needed by the experimenter to reformat that 
data such that it is PSA compatible. A data preparation phase ends with the delivery of data from the data 
collection phase to the PSA. 

The PSA archive team might need several weeks to validate and verify the delivered data set before the 
data is made public at the online PSA. The length of the phases is defined as: 

• Data collection phase: typically 3 months or less 

• Data preparation phase: typically 5 months or less 

• PSA internal preparation phase: 1 month 

The raw PDS-labelled data (CODMAC level 2) and the calibrated PDS-labelled data (CODMAC level 3) 
follow the upper delivery schedule. Higher-level data or merged data are ingested into the PSA whenever 
they are available to the instrument team. 

For deliveries before the end of the proprietary period, the PSA archive team guarantees that the 
appropriate Principal Investigator opens the data for public access only after authorization. The PI team 
may use the online PSA for team internal distribution. 
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4. VIRTIS SCIENCE RAW DATA GENERATION 
 

4.1. OVERVIEW 

 
This section gives a detailed description of the raw data 
generation pipeline used for the VIRTIS instrument on-
board Venus Express. This pipeline is based on the 
Electronic Ground Segment Equipment (EGSE), 
developed by the external company Techno Systems.  
 
My personal contribution to this work has been the study 
and definition of the final raw data products in PDS 
format, as well as the verification and validation of all 
segments of the EGSE software. This work has been 
completed under guidance and supervision of the 
Principal Investigator together with the VIRTIS 
scientific team, in particular with the Archiving team in 
LESIA (Paris), and in close collaboration with the EGSE 
software developer (Techno Systems), the manufacturer 
of the VIRTIS instrument (Galileo Avionica) and the 
developer of the VIRTIS onboard software (DLR 
Berlin). The whole of the data generation pipeline was 
developed and automated in order to produce the raw 
data products in a routine basis from the input telemetry 
of the instrument. The raw data obtained from the 
pipeline is currently being used by the VIRTIS Science 
team for data analysis and is distributed to the whole 
scientific community via the Planetary Science Archive. 
More than 20,000 raw data files have already been 
generated after almost 4 years of mission. Figure 23. EGSE Software diagram 

 

4.2. TECHNICAL INTRODUCTION 

Science data generated by the VIRTIS-M VIS and VIRTIS-M IR are stream of 16bit words, each 
corresponding to one pixel. Detector data are acquired on a spectral basis (spectrum by spectrum). The 
VIS CCD detector is a frame transfer detector of 1024x1024 CCD elements, thus only 512x1024 pixels 
are usable as image area. Moreover, each detector element has a physical size which is the half of the IR 
detector pixel, thus summation of 2x2 pixels is performed by the PEM to match spatial resolution of the 
IR channel. This action is performed directly by the PEM and is transparent to the final user. 
 
The ME receives from the CCD 438 spectral and 256 spatial pixels and from the M-IR in full window 
mode receives 438 spectral and 270 spatial pixels. For compatibility with an integer binning value these 
formats are further reduced by the ME to a common 432x256, which is the final format of the spectral 
frames that can be seen in the data.  
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Figure 24. Data organization in the VIRTIS-M IR and VIS detectors 

 
The imaging channels (M-VIS and M-IR) always produce detector images, with one spatial and one 
spectral dimension. Each of these “frames” is compressed independently on board, and is transmitted with 
its acquisition SCET (this is called “image transfer mode”). The frame dimensions vary depending on 
operational mode. The second spatial dimension is acquired through time and depends on session duration 
and repetition time. 
 
The H channel produces data which are transmitted by the ME according to one of three possible transfer 
modes: “image” (432×256 pixels frame), “spectrum” (sequence of 3456 spectral measurements 
reconstructed from the detector image), and “64-spectra frame” (groups of 64 successive spectra 
compressed together). In the later case, the timing associated with the 64-spectra frame is the SCET of the 
last acquisition. The “image” transfer mode is used during flight calibration sequences, to check the 
location of the slit image on the detector, and in the backup acquisition mode. The “64-spectra frame” 
mode is used in the nominal acquisition mode, with spectra reconstructed on board to save bandwidth. 
The “spectrum” mode is used during calibration sequences, and also to transfer dark current 
measurements in “64-spectra frame” mode. Data transferred through different modes cannot be stored 
together in a single Qube object, because of their different dimensions. The operating modes are 
combinations of these three transfer modes, and therefore a specific data storage scheme is defined for 
each operating mode. 
 
In all cases, dark current frames are acquired together with the data at a required rate. They are subtracted 
from the signal, and then the data are compressed on board. For M, and for H in “image” mode or 
“spectrum” mode, compressed dark currents measurements are transferred the same way as the data. For 
H in 64-spectra frame mode however, dark current spectra are compressed and transferred independently, 
one by one. Because the dimensions are different, they are stored separately from the data. This structure 
is preserved in raw data qubes, but is simplified for calibrated data. 
 

4.3. GROUND DATA HANDLING 

The following table describes the VIRTIS data processing levels as used in this document. This document 
refers to level 3 data in CODMAC level notation, identified as type RDR. See Table 4 below. 
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Table 4. Data processing levels 

 
The VIRTIS-VEX data set is generated by the VIRTIS-VEX team according to the following scheme: 

 
- Telemetry data packets for VIRTIS are retrieved by INAF-Rome from the VEX Data Distribution 

System (DDS), and are ingested into the Electronic Ground Segment Equipment (EGSE). 
 

 
Figure 25. Screenshot of the EGSE DDS I/F software requesting VIRTIS telemetry data 

 
- The EGSE performs session slicing and generates a first version of the raw data files from 

telemetry (preliminary level 2 data). These files are PDS-formatted and include a label, the 
scientific data and a selection of housekeeping parameters related to each acquisition. At this step 
geometric keywords and “catalogue” keywords (related to mission operations) are not yet 
informed in the label. Besides, timing in the labels is based on an estimate of UTC provided by the 
DDS, with poor accuracy. 
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Figure 26. Screenshot of the EGSE VSOC Converter software, which checks and sorts VIRTIS 

telemetry data by time and type 

 
Figure 27. Screenshot of the EGSE CSWS software, which analyses all HK parameters, event 

reports and separates all data sub-sessions 
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Figure 28. Screenshot of the EGSE PDS Converter software, which reads all the input subsession 
files and produces the PDS cube files 
 

- These preliminary raw data files are mirrored in LESIA-Meudon, where all relevant information 
(including label values) is ingested in a data base (Otarie). The data base also collects extra 
operational information from the ITL files and from the Science Activity Plan (SAP). The 
following schema shows the current setup of the servers and mirrors. The two main servers are 
VVXARCHIVE (in IASF-Rome) and OTARIE (in LESIA-Paris). 

  

 
Figure 29. Current setup of server mirroring between IASF-Rome and LESIA-Paris 

VVXARCHIVE OTARIE 

LESIA - Paris 

Local VVX 
Archive 

Cigale 

IASF - Roma 
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- The information about the position of the scanning mirror is retrieved from the housekeeping 

packets and stored separately in the form of SPICE Camera kernels. These files are produced at 
periodic time intervals, usually following the medium term planning cycles defined by ESA. 
These files are distributed to the scientific community via the PSA inside the VIRTIS data set, and 
in the future also through the SPICE distribution systems (ftp://naif.jpl.nasa.gov/pub/naif/VEX 
and ftp://ssols01.esac.esa.int/pub/data/SPICE/VEX/kernels). More details on the VIRTIS CK 
kernels are given in page 209). 

 
- When all Spice kernels relative to a session become available, the data base triggers the geometric 

computation. The output of this procedure is two-fold: first it writes the geometry file 
corresponding to each data file. Second, it updates the raw data files by inserting the geometry and 
catalogue keyword values, plus the correct UTC timing, in the labels. The session-wide geometry 
parameters are also stored in the data base, and checked for consistency with the SAP. Index files 
are generated through both the PVV tool and the Otarie data base in Meudon. 

 
- The new files are mirrored back to INAF-Rome. 

 
- Calibration procedures are then run separately for M in Rome, for H in Meudon. The calibrated 

data files are again mirrored at both sites, and distributed on-line to the VIRTIS science team. 
 

- At the end of the proprietary period a PDS-compliant data set is delivered to the ESA Planetary 
Science Archive. 

 
- Derived data products may be generated by the instrument team as a by-product of data analysis. 

These products will be archived in the PI institutes, and some of them may be included in the PSA 
distribution. 

 

ftp://naif.jpl.nasa.gov/pub/naif/VEX
ftp://ssols01.esac.esa.int/pub/data/SPICE/VEX/kernels
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Figure 30. VIRTIS pipeline diagram 

 
In addition to this, the VIRTIS-VEX team in Rome produce reduced JPEG images for the M-visible and 
M-IR data files. They provide the calibrated intensity at several wavelengths outlining various parameters 
for quick look and data selection. Browse images are automatically processed with histogram equalization 
and a special processing (horizontal directional filter) to allow identification of particular features not 
visible due to contrast. Browse image names are named “*_x.JPG”, where * is the data file name root, 
and x is a letter ranging from A to G identifying the wavelength or spectral range in use. In addition, the 
label of the original raw data file is made available as a separate text file, with name *_LABEL.TXT. 
 
A common detached label is provided for all browse images and for the label text corresponding to the 
same cube, with name *_LBL. These files are grouped in subdirectories corresponding to individual 
MTPs and have an HTML index table in order to facilitate the quick look of the products (see example on 
page 211). 
 

4.4. RAW SCIENCE DATA FORMAT 

This section describes the raw science data format as obtained from the EGSE processing in IASF-Rome 
and LESIA, which is distributed first within the VIRTIS Science Team and later to the broad scientific 
community via the PSA Archive. For more details refer to the applicable documentation: RD03, Venus 
Express-VIRTIS to Planetary Science Archive Interface Control Document, VVX-LES-IC-2269, Issue 
1.0, June 2007. 
 



Dottorato di Ricerca in Scienze Tecnologie e Misure Spaziali: Astronautica e Scienze Da Satellite 
 

56 

4.4.1. Core Data Cube 
 
The following definitions and conventions are used for VIRTIS. 
 

A QUBE core is a 3-dimension structure containing science measurements. The axes of the 
QUBE are called BAND (spectral band defined by the wavelength), SAMPLE (spatial 
direction along the slit), and LINE (acquisitions in successive time steps). 

 
The axes of the QUBE are called BAND (spectral band defined by the wavelength), SAMPLE 
(spatial direction along the slit), and LINE (acquisitions in successive time steps).  
 

 
Figure 31. QUBE 3-dimensional data structure 

 
The three types of 2-dimension structures in a QUBE are called: 
 

- FRAME (fixed LINE), provided by the detector at a given time 
- IMAGE (fixed BAND), a spatial information reconstituted through time at a given 

wavelength 
- SLICE (fixed SAMPLE), spectra acquired through time at the same position along the slit. 

 

 
Figure 32. QUBE bi-dimensional data structures 

 
The three types of 1-dimension structures in a QUBE are called: 
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- ROW (fixed BAND and LINE), spatial information acquired in a single time step at a given 
wavelength; 

- SPECTRUM (fixed LINE and SAMPLE), relative to a given footprint on the target; 
- SCAN (fixed BAND and SAMPLE), spatial information reconstructed through time. 

 

 
Figure 33. QUBE one-dimensional data structures 

 
The atomic structure of the QUBE is called either pixel or spectel, depending whether it is 
considered a part of an image or a spectrum. The storage order of the QUBE is always (Band, 
Sample, Line) (i.e., band interleaved by pixel, or BIP) to respect the order of the telemetry 
data flow and to minimize data handling operations.  
 

 
Figure 34. Example of a real 3-dimensional VIRTIS-M Infrared observation 
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Figure 35. Example of one 2-D frame extracted from the previous cube 

 

 
Figure 36. Example of plot of single spectra extracted from the previous frame 

 
FRAMES produced by VIRTIS-H are either sets of spectra acquired in sequence but transferred with a 
single SCET (formally similar to M data), or data with 2 spectral dimensions (detector images). The same 
definitions as above apply in this case; the only difference concerns the SAMPLE axis, which may 
contain either successive spectral measurements at a given wavelength, or one of the detector dimensions, 
i.e. the second spectral axis. 
 

4.4.2. Suffix information 
The QUBE suffix is used to store complementary information related to the data (Fig. 4.2). For raw data 
QUBES, the sideplane is used to store a selection of housekeeping parameters that may affect the data 
calibration process. For calibrated data QUBES, the backplane is used to store the original acquisition 
time (SCET). Individual parameters are stored as 2-bytes integers, but always appear in even number. 
This preserves compatibility with ISIS formatting, which requires suffix elements to be encoded on 4 
bytes, but can read them by groups of 2. 
 

 
Figure 37. Diagram showing the disposition of suffix information around the core data 

cube 
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4.4.3. VIRTIS-M Raw Data Format 
 
Data from the M-visible and M-IR channels always consists of successive detector images. Each frame is 
compressed separately on board. Raw data from the Visible and the IR channel are stored in different files 
as Qube objects, so as to simplify data handling. For each channel, science data and dark frames are 
stored in the same file, interleaved in the Qube core, and appear in order of acquisition. 
 
All files first contain a HISTORY object, 512 bytes long, filled with ASCII 32. This is an early PSA 
requirement, intended to maintain compatibility with the ISIS software. The QUBE core contains the 
measurements in DN, encoded on 2-bytes integers (MSB storage). The last measured dark current is 
subtracted from the data on board, and is not re-added after decompression. Whenever temperature varies 
significantly during acquisition, an additional correction must be applied to optimize dark current 
subtraction. 
 

 
Figure 38. Sequence of science and dark acquisitions for M-channel  
(using here rate=3 for simplicity, nominal operations use rate=20) 

 
The side plane contains the HK parameters acquired between two successive frames, plus additional 
information from the science reporting TM header. A selection of 82 parameters is defined for M-visible 
and M-IR from the TM (versus 72 for H). The side plane information is stored according to the following 
rules: 
 

- All parameters (HK and others) are stored on 2-bytes integers. Byte ordering is preserved 
from the TM (MSB). Parameters may be de-compacted if they are stored on less than 16 
bits in the TM, but no correction or conversion is applied at this level. 

 
- To avoid considerable waste of space, the information is grouped in elemental structures 

(which are different for M and H, but identical for M-visible and M-IR). 
 

- An elemental structure is created each time an HK reporting TM is received. Missing 
parameters are replaced by the hexadecimal value FFFF (this value is not used by any HK 
parameter). 
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- Elemental HK structures corresponding to the same frame are written in sequence along a 
side-plane row until there is no more space to add a complete structure in the row (i.e., a 
side-plane row always contains an entire number of structures). The end of the row is then 
padded with binary 0, and the following structure is written at the beginning of the next row 
(see figure). A given parameter therefore has the same index number(s) in all rows. 

 
- The number of side-plane rows actually used is identical for each frame. It is reported in the 

label with the SUFFIX_ITEM keyword. 
 

 
Figure 39. Organization of the side-plane for raw data 

 
A raw data qube is therefore composed of a time-sequence of frame (Nband x Nsample values) + suffix 
(Nband x number of rows required to accommodate all the housekeeping structures). The EGSE and 
VIRTIS software reference documentation provides more specific information about data handling. 

 

4.4.4. VIRTIS-H Raw Data Format 
 
VIRTIS-H raw data files are formally similar to VIRTIS-M ones but differ in details depending on 
acquisition mode. 
 

- Backup mode: Image transfer mode is used (the complete detector image is transferred at 
each time step). Dark current frames are interleaved with the dark-removed data. Only one 
file is written; it contains a qube, the core of which contains the measured image frames and 
dark frames (432 × 256 × number of images acquired). This format is very similar to 
VIRTIS-M.  

 
- Nominal mode: Data measurements are grouped as sets of 64 spectra compressed together, 

interleaved with single dark spectra measurements. Data are transmitted using the “64-
spectra frame” transfer mode; dark spectra use the “spectrum” transfer mode. Two files are 
written together: The first file contains a qube, the core of which contains the measured 
spectra grouped in sets of 64 (3456 × 64 × sequence length). The second file contains a 
QUBE, the core of which contains the dark spectra (3456 × 1 × number of dark spectra).  
Dark measurement rate depends on the telecommand received, and has no relationship with 
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the 64-spectra structure. Practically, it is selected to be a divisor of 64 so as to optimize 
compression efficiency. 

 
- Calibration mode: A group of 7 images and a group of two spectra are acquired in sequence. 

Two short files are written: The first file contains a QUBE, the core of which contains the 
images of the detector (432 × 256 × 7). The second file contains a QUBE, the core of which 
contains the spectrum and its associated dark current (3456 × 1 × 2).  

 
All files first contain a HISTORY object, 512 bytes long, filled with ASCII 32. This is an early PSA 
requirement, intended to maintain compatibility with the ISIS software.  
 
The QUBE core contains the measurements in DN, encoded on 2-bytes integers (MSB storage). The last 
measured dark current is subtracted from the data on board, and is not re-added after decompression. 
Whenever temperature varies significantly during acquisition, an additional correction must be applied to 
optimize dark current subtraction. 
 
The QUBE side-planes contain the corresponding housekeeping parameters stored in an elemental 
structure just like for VIRTIS-M. The VIRTIS-H elemental structure has 72 elements (versus 82 for 
VIRTIS-M), and is detailed in Appendix B. In nominal mode, one side-plane frame corresponds to all HK 
information received during the period of acquisition of the 64 spectra grouped in the frame. In this case, 
the only SCET available from the science TM is that of the last acquired spectrum (the 64th one). 
 

 
Figure 40. Organization of the side-plane for VIRTIS-H raw data 

 

4.4.5. VIRTIS PDS Data Labels 

 
PDS labels describing the content of data files are always attached (included in the files). The PDS labels 
for all VIRTIS files have the same structure. The keywords are grouped in functional sections. 
 

- File information 
- Data description 
- Information on science operations, including geometry 
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- Instrument status description 
- Data object (core cube) description 
 

Keywords belonging to the above groups are listed in the following sections. Examples of actual labels 
are provided in Appendix D. More details on the origin of the value can be found in Appendix C. In the 
following sections, the value field is filled with constant values or with a dummy parameter whenever the 
value can vary. Some of the keywords are introduced by the namespace “VEX:”. Such keywords are 
defined in a mission-specific dictionary in agreement with the PSA, and are used to store information that 
standard PDS keywords cannot accommodate. 
 
Some keywords refer to external documents containing more detailed explanation as stream text, but no 
retrievable data. Those are located in the DOCUMENT directory. All spaces and tabulations in the labels 
are encoded with ASCII character 32 (space). No ASCII 0 (NULL) character is present, to preserve 
compatibility with most software languages (this character is often used as string delimiter). All labels 
lines are less than 80 long, including the EOL marker encoded as ASCII 13-10 (CR-LF). 
 
An example of a complete PDS label for a sample raw product can be seen in the Appendix of page 202. 
We will not discuss here all the details about each of the keywords present in the label, as most of them 
are simply requisites of the PSA and PDS standard, which can be seen in the reference documentation. 
We will only describe the keywords which are specific for the VIRTIS instrument, and especially those 
regarding the modes of operations and parameters of the observation performed. 
 
 
 
/* Instrument status */ 
 
INSTRUMENT_MODE_ID     = 14 
^INSTRUMENT_MODE_DESC  = "VIRTIS_EAICD.TXT" 
 
INST_CMPRS_NAME        = "string" 
INST_CMPRS_RATE        = xx 
INST_CMPRS_RATIO       = xx 
 
VEX:VIR_VIS_START_X_POSITION = x0 
VEX:VIR_VIS_START_Y_POSITION = y0 
 
VEX:SCAN_MODE_ID       = ns 
 
SCAN_PARAMETER         = (x, x, x, x) 
SCAN_PARAMETER_DESC    = ("SCAN_START_ANGLE","SCAN_STOP_ANGLE", 
"SCAN_STEP_ANGLE","SCAN_STEP_NUMBER") 
SCAN_PARAMETER_UNIT    = ("DEGREE","DEGREE","DEGREE","DIMENSIONLESS") 
 
FRAME_PARAMETER        = (x, x, x, x) 
FRAME_PARAMETER_DESC   = ("EXPOSURE_DURATION","FRAME_SUMMING", 
"EXTERNAL_REPETITION_TIME","DARK_ACQUISITION_RATE") 
FRAME_PARAMETER_UNIT   = ("S","DIMENSIONLESS","S","DIMENSIONLESS") 
 
EXPOSURE_DURATION_DESC = "-1: many exposure times (calibration sessions) 
Values are available in sideplane. See EAICD.TXT" 
 
MAXIMUM_INSTRUMENT_TEMPERATURE = (x,x,x,x) 
INSTRUMENT_TEMPERATURE_POINT   = ("FOCAL_PLANE","TELESCOPE", 
"SPECTROMETER","CRYOCOOLER") 
INSTRUMENT_TEMPERATURE_UNIT    = ("K","K","K","K") 
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INSTRUMENT_MODE_ID provides the acquisition mode as defined in section 2.2.2. This mode 
determines in particular the QUBE dimensions. 
 
INST_CMPRS_NAME indicates which of the 3 types of on-board compression was used for the data, 
while INST_CMPRS_RATE indicates the requested compression rate in bits per data word (see table).  
 

 
Table 5. VIRTIS on-board compression modes 

 
Although data are decompressed before generation of the PDS files, the compression mode is described in 
the label to keep track of the data history, and to allow data quality check. INST_CMPRS_RATIO stores 
the actual compression ratio reached on-board, as computed by the EGSE. This is mostly intended to 
study the impact of the compression on the TM rate. Reversible compression by definition has a variable 
compression rate which depends upon data structure. Observed compression ratios commonly range from 
2 to 4 in this mode. 
 
VIR_VIS_START_X_POSITION and VIR_VIS_START_Y_POSITION define the origin of the window 
used in the M-detector. Notice that different keywords are used for the V-IR channel to store the 
equivalent quantities: VIR_IR_START_X_POSITION and VIR_IR_START_Y_POSITION (this is the 
only difference between M-VIS and M-IR is this section of the labels). Similarly, the H channel uses the 
keywords VIR_H_START_X_POSITION and VIR_H_START_Y_POSITION. 
 
SCAN_MODE_ID refers to the functioning mode of the M-channels scanning mirror: 0=Pushbroom, 
1=Full scan, 2=Off. The namespace is required by a slightly non-standard use in the VIRTIS labels. 
Scanning parameters are identified in the next 3 keywords: SCAN_PARAMETER lists the values as 
retrieved from the TM, SCAN_PARAMETER_DESC identifies them, and SCAN_PARAMETER 
_UNITS provides the units. 
 
Acquisition parameters are introduced in a similar way by the FRAME_PARAMETER keywords. 
Exposure duration is the individual exposure time, frame summing is the number of individual exposures 
summed on board, external repetition time is the minimum time lapse between two acquisitions, and dark 
acquisition rate gives the number of acquisition between to dark frame measurements. Both exposure 
duration and external repetition time are encoded as -1 whenever they can take various successive values 
in the file (in practice, this occurs only with calibration sequences). In this case, the actual values can be 
retrieved from the side-plane for every time step. 
 
The same keyword system is used with MAXIMUM_INSTRUMENT_TEMPERATURE to provide the 
maximum temperatures measured during the sub-session in specific points inside the instrument. 
 
The equivalent section for the H channel reads: 
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/* Instrument status */ 
 
INSTRUMENT_MODE_ID    = 7 
^INSTRUMENT_MODE_DESC = "VIRTIS_EAICD.TXT" 
 
INST_CMPRS_NAME       = "string" 
INST_CMPRS_RATE       = xx 
 
VEX:VIR_H_START_X_POSITION = x0 
VEX:VIR_H_START_Y_POSITION = y0 
 
FRAME_PARAMETER       = (400, 2, 1, 766.7, 3) 
FRAME_PARAMETER_DESC  = ("EXPOSURE_DURATION","FRAME_SUMMING", 
"FRAME_ACQUISITION_RATE","INTERNAL_REPETITION_TIME", 
"DARK_ACQUISITION_RATE") 
FRAME_PARAMETER_UNIT  = ("MS","DIMENSIONLESS","DIMENSIONLESS", 
"MS","DIMENSIONLESS") 
 
EXPOSURE_DURATION_DESC = "-1: many exposure times (calibration sessions) 
 
MAXIMUM_INSTRUMENT_TEMPERATURE = (273.0, 283.0, 293.0, 303.0) 
INSTRUMENT_TEMPERATURE_POINT   = 
("FOCAL_PLANE","GRATING","PRISM","CRYOCOOLER") 
INSTRUMENT_TEMPERATURE_UNIT    = ("K","K","K","K") 
 
VEX:VIR_DEAD_PIXEL_MAP_FILE_NAME = "filename" 
 
VEX:VIR_H_PIXEL_MAP_COEF       = 
(( 4.749950E+1, 1.247300E-1, 9.890690E-5 ), 
( 9.938600E+1, 9.844940E-2, 7.085630E-5 ), 
( 1.341680E+2, 8.166750E-2, 4.918400E-5 ), 
( 1.591860E+2, 6.661960E-2, 4.094150E-5 ), 
( 1.773400E+2, 5.713190E-2, 2.702870E-5 ), 
( 1.904680E+2, 5.634040E-2, 5.267310E-6 ), 
( 2.012000E+2, 4.654330E-2, 1.068770E-5 ), 
( 2.093140E+2, 4.806390E-2, -8.723980E-6 )) 
 
VEX:VIR_H_PIXEL_MAP_COEF_DESC = 
(("C11", "C12", "C13"), 
("C21", "C22", "C23"), 
("C31", "C32", "C33"), 
("C41", "C42", "C43"), 
("C51", "C52", "C53"), 
("C61", "C62", "C63"), 
("C71", "C72", "C73"), 
("C81", "C82", "C83")) 
 

  
The differences with M are related to FRAME_PARAMETER (where frame acquisition rate gives the 
number of frames skipped during the summation, and INTERNAL_REPETITION_TIME is used) and 
MAXIMUM_INSTRUMENT_TEMPERATURE (which are measured at different locations). No scanner 
keyword is present for H, which has fixed pointing direction. 
 
VIR_DEAD_PIXEL_MAP_FILE_NAME refers to a file contained in the CALIB directory, providing the 
list of pixels not included in the summation performed on board. 
 
VIR_H_PIXEL_MAP_COEF provides the coefficient of the polynomials to reconstruct the channels 
wavelengths. 
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In addition to the descriptive keywords, there are also the actual keywords defining the data structure, that 
is, the QUBE object. As previously explained, the binary data are stored in the core; housekeeping 
parameters are stored in the side-plane. Qube dimensions vary depending on channel, acquisition mode, 
and session duration. 
 
 
/* Cube keywords */ 
 
OBJECT                       = QUBE 
AXES                         = 3 
AXIS_NAME                    = (BAND,SAMPLE,LINE) 
 
CORE_ITEMS                   = (x,y,z) 
CORE_ITEM_BYTES              = 2 
CORE_ITEM_TYPE               = MSB_INTEGER 
CORE_BASE                    = 0.0 
CORE_MULTIPLIER              = 1.0 
CORE_VALID_MINIMUM           = -32768 
CORE_NULL                    = -32768 
CORE_LOW_REPR_SATURATION     = -32768 
CORE_LOW_INSTR_SATURATION    = -32768 
CORE_HIGH_REPR_SATURATION    = 32767 
CORE_HIGH_INSTR_SATURATION   = 32767 
CORE_NAME                    = RAW_DATA_NUMBER 
CORE_UNIT                    = DIMENSIONLESS 
 
SUFFIX_BYTES                 = 2 
SUFFIX_ITEMS                 = (0, N, 0) 
SAMPLE_SUFFIX_NAME           = "HOUSEKEEPING PARAMETERS" 
SAMPLE_SUFFIX_UNIT           = DIMENSIONLESS 
SAMPLE_SUFFIX_ITEM_BYTES     = 2 
SAMPLE_SUFFIX_ITEM_TYPE      = MSB_UNSIGNED_INTEGER 
SAMPLE_SUFFIX_BASE           = 0.0 
SAMPLE_SUFFIX_MULTIPLIER     = 1.0 
SAMPLE_SUFFIX_VALID_MINIMUM  = "NULL" 
SAMPLE_SUFFIX_NULL           = 65535 
SAMPLE_SUFFIX_LOW_REPR_SAT   = 0 
SAMPLE_SUFFIX_LOW_INSTR_SAT  = 0 
SAMPLE_SUFFIX_HIGH_REPR_SAT  = 65535 
SAMPLE_SUFFIX_HIGH_INSTR_SAT = 65535 
^HOUSEKEEPING_DESCRIPTION    = "VIRTIS_EAICD.TXT" 
 
END_OBJECT                   = QUBE  
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5. VIRTIS-M SCIENCE CALIBRATION PIPELINE 
 

5.1. OVERVIEW 

This section gives a detailed description of the raw data calibration pipeline used for the VIRTIS 
instrument on-board Venus Express. This pipeline has been developed under guidance and supervision of 
the Principal Investigator, and with close collaboration of the whole VIRTIS Science and Technical team.  
 
The data calibration pipeline presented here was implemented in order to produce the final calibrated data 
products in a routine basis from the raw data generated at the first level. The calibrated data obtained from 
the pipeline is currently being used by the VIRTIS Science team for data analysis and is distributed to the 
whole scientific community via the Planetary Science Archive. More than 10,000 calibrated data files 
have already been generated after almost 4 years of mission. 
 
The calibration pipeline for the VIRTIS-M channel is the same for both Visible and Infrared data and is 
performed locally in Rome. The calibration procedure can be divided in the following sections that are 
discussed in detail further below. 
 

1. Initialisation 
2. Data pre-processing  
3. Spectral registration 
4. Radiometric calibration 
5. Data post-processing 
6. Finalisation  

 

5.2. INITIALISATION 

The first phase of the calibration pipeline is simply an initialisation of the variables for the upcoming 
processes. Here a summarized list of the procedures performed during this first phase: 
 

1.1. Constant definition 
1.2. Parameter extraction 
1.3. Raw file loading 
1.4. Dark frame removal 

 
The dark frame removal is performed using the housekeeping information stored in the cube suffix which 
indicates the status of the shutter for each acquisition (see RD03 and RD20 for information about the 
Suffix structure). The acquisitions with shutter closed (darks) are identified and removed from the cube. 
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Figure 41.  Example of infrared observation before and after the dark frame subtraction 

 
An example of IDL code for dark identification and extraction is given here below. The useful data is 
read into an IDL structure variable using the VirtisPDS / LecturePDS software package (see RD20) and 
the dark frames are identified using the flag for shutter status.  
 

 
result = virtispds() 
 
ind_dark = where((result.suffix(5,0,*) and '2000'X) ne 0) 
ind_data = where((result.suffix(5,0,*) and '2000'X) eq 0) 
 
dark_frames = result.qube(*,*,ind_dark) ;only darks 
data_frames = result.qube(*,*,ind_data) ;data without darks 
 

 

5.3. DATA CORRECTION PRE-PROCESSING 

Some of the data correction procedures regard the raw data and therefore they are performed in digital 
counts before the radiometric conversion. These procedures at raw level are called here “pre-processing” 
methods.  

5.3.1. Thermal evolution correction 
The instrument sensors, both infrared and visible, produce a thermally generated noise 
(Johnson noise) and thus the measured signal is subject to temperature changes. On the other 
hand, due to the high sensitivity of the infrared detectors, they usually get not only the 
radiation coming from the target, but also part of the signal coming from the background. This 
background signal comes from the cold box itself and the components of the instrument, 
which produce a certain level of signal depending on their temperature. The addition of this 
background signal and the thermal noise is added to the nominal signal coming from the 
target. This undesired signal, hereafter named “dark”, is very important for the infrared 
detectors as it might cause saturation of the long wavelengths of the Infrared spectrum (~4-
5μm). Besides this, the fluctuations of the background signal also reduce the signal to noise 
ratio of the thermal part of the spectrum for the infrared channel. 
 
Dark current spectra usually have higher values in the longer wavelengths, i.e. in the thermal 
range, which causes some problems for the nominal observations, not only for the loss of 
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signal to noise ratio, but also because this great signal can get to the saturation of the sensor 
and thus a complete loss of science in the affected region.  
 

 
Figure 42. Sample of dark frame acquisition (top) and dark spectrum (bottom) 

 

 
Figure 43. Background rate (DN/s) for three different temperatures of the cold box 

(135K, 150K, 165K) 

 
To remove the effects of both the background, the onboard software performs dark 
acquisitions with shutters closed every certain number of nominal acquisitions. This measured 
dark current is subtracted onboard before the data is downloaded to ground. 
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Figure 44. Dark acquisition scheme (dark rate can be modified, usually is 20) 

 
The dark acquisition rate is defined by the observation conditions as the dark current may 
vary faster depending on the temperature. In the case of very fast temperature variations, for 
example in pericenter measurements, the dark current subtraction performed onboard is not 
enough and an extra processing is needed on ground to optimise the dark current subtraction.  

 
 

 
Figure 45. Venus limb infrared observation with very fast dark current variation 

 
This side effect of the dark subtraction can be easily corrected applying an interpolated 
correction during the ground calibration process. 
 

- for LOSSLESS compression: Correct original data values with an 
interpolation of the previous and next dark frames. For the lines after the 
last dark frame, interpolate with respect to the two previous darks 

 

VI0497_09
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Figure 46. Diagram showing difference between on board and interpolated dark subtraction 

 
- for LOSSY compression: the same correction algorithm is used, with the 

difference that a smooth is applied to the interpolated dark before doing 
the subtraction and therefore reduce artefacts. This smooth (applied with 
a width of 50 pixels) is used to reduce the effect of noisy dark 
measurements. 

 

 
Figure 47. Smooth algorithm used in case of LOSSY compression.  

(Taken from IDL Reference Guide) 
 
A summary of this process can be found in the log file (see section 5.7.4 and APPENDIX B – 
Example of information summary log file). To go back to the original data and the dark 
frames used, one can refer to the raw cube file.  

 

5.3.2. Bad frames correction 
Whenever a single event happens in the sensor electronics, particularly in the signal pre-
amplifier,  it may affect a full frame acquisition, modifying not only one pixel but all the 
samples along the slit and the spectral dimensions. These events are easily seen in the images 
and may cause problems for the scientific interpretation of the data, although most of the 
times these “horizontal stripes” or “bad frames” can be recovered in the data processing 
corrections and the calibration pipeline.  
 

On board dark 
subtraction 

Interpolated dark 
subtraction 
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Figure 48. VIRTIS IR image of the polar vortex (VI0473_00) before and after bad frame correction 

 
The calibration pipeline includes a standalone routine called FRAME_CLEAN 
(“frame_clean.pro”) that performs the correction for this type of problem. In particular the 
algorithm implemented in this function calculates some median and averaged values for each 
frame and checks whether any of this values is outside defined thresholds. If any of the frames 
is identified as a “bad frame”, it is automatically replaced by an averaged interpolation of the 
two adjacent frames. 
 
A summary of this process can be found in the log file (see section 5.7.4 and APPENDIX B – 
Example of information summary log file). Only the number of affected frames is given. To 
find the exact frames affected, one can refer to the raw cube file.  

 

5.3.3. Dead pixels clean 
The percentage of dead pixels within the frame may increase with the time due to some 
environmental conditions (e.g. radiation). For this reason it is needed to keep tracking of the 
evolution of the detector’s “health” and correct the dead pixel values if possible.   
 
The calibration pipeline includes a standalone routine called DEAD_PIXELS 
(“dead_pixels.pro”) that performs the correction for this type of problems. In particular the 
routine checks all the bands and identifies whenever the pixel values are much lower than a 
smoothed version of the same image. This dead pixels are then replaced automatically be the 
procedure and set to the averaged value.  
 
The routine may also serve to produce a mask of the dead pixels in the frame and even 
another with those “soft” pixels that have a lower responsivity with respect to the others. This 
is of course very useful, not only to remove artificial artefacts from the images but also to 
track the evolution of the dead pixels with the time and make long term studies for the future.  
 
Whenever the recovery of the dead pixels is not possible, for example in the case of dead 
adjacent pixels, the routine sets these pixels to a predefined flag, -1004. The use of this flag 
allows the user to identify this kind of pixels, so that they can be ignored or corrected with 
some user-defined processing (see section 5.7.2). 
 



PhD Thesis, CISAS, Università di Padova                                                        Alejandro Cardesín Moinelo  
 

75 

A summary of this process can be found in the log file (see section 5.7.4 and APPENDIX B – 
Example of information summary log file). Only the number of affected pixels is given. To 
find the exact pixels affected, one can refer to the raw cube file or check the predefined flag 
used.  
 

5.3.4. Saturated pixels identification 
The data range used by the infrared and visible sensors is determined by the dynamics and the 
internal functioning of the main electronics of the instrument. For the VIRTIS-M channel, the 
data pixels in 16bit produced by the analogue-digital converter are converted to 15bit values 
in signed integer format and stored again in packets of 16bit. Details about the data 
normalization and dynamics can be found in RD25, section 10.14.2. 
 

 
Figure 49. Data normalization performed by the Main Electronics  

(see RD25, section 10.14.2 for details). 
 
As we have seen, the signal measured corresponds not only to the target of interest but also to 
the dark current and the thermal background radiation, and therefore the integration time has 
to be defined so that the total signal measured, observation + dark, are within the range 
values. Whenever the signal measured goes over these values, the data cannot be stored and 
the information is not recoverable. In general, the real threshold value used to identify 
saturated pixels is taken from the ground tests (D43OJ43, D43PF36, see RD09) and its value 
is around 24400 for the Infrared sensor and 23600 for the Visible one. 
 
The routines within the calibration pipeline do the identification and removal of the saturated 
pixels simply adding back the dark frames subtracted on board and checking which pixels 
have a value greater than the given threshold. These pixels are then set to a predefined flag:    
-1000. The use of this flag allows the user to identify this kind of pixels, so that they can be 
ignored or corrected with some user-defined processing. (see section 5.7.2).  
 
A summary of this process can be found in the log file (see section 5.7.4 and APPENDIX B – 
Example of information summary log file). Only the percentage of affected pixels is given. To 
find the exact pixels affected, one can refer to the raw cube file or check the predefined flag 
used.  
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5.4. SPECTRAL REGISTRATION 

This section gives a summary of the spectral registration for both VIRTIS-M channels, Visible and 
Infrared. To obtain the final curves “band vs. wavelength”, two different on-ground calibration sessions 
were performed, the first one in Florence (Italy) and the second one in Orsay (France). Further details 
about both sessions are given here below, together with the final computations and results. 

5.4.1. Subsystem Calibration, Florence 
The spectral profile of VIRTIS-M was first determined during the subsystem calibration in 
Florence by using a monochromator in scanning (see RD34 and RD35). The measurements 
were performed at cold case at a temperature of 135K and thus different with respect to the 
nominal one.  
 
Note that the values given here are not valid for the final registration as they were just a first 
approximation of the slopes without any reference to the dependence with temperature. To get 
the correct parameters of the profile, an extra calibration at different temperatures was 
performed in Orsay (see further below). 
 
The Figure 50 below shows the experimental points measured for some illuminated bands 
(black points) and the computed linear fit (red line) for both the VIS and IR focal plains. 
Using the relations in the figure it is possible to get for each band the value of the barycentre 
in nm.  

 
Figure 50. Spectral Calibration of both the focal planes.  

The error bars of the experimental points are too small to be detected. (Florence,RD35) 
In the Table 6. Spectral profile for both M detectors: visible and infrared (Florence,RD35) 
below one can see a list of the parameters used in the linear fits and the value of the spectral 
width obtained as a mean of the measured value of the illuminated bands. Comparing the 
Spectral Width with Δ Lambda that is the spectral distance between two consecutive bands, 
one can see that the measured two values are different, meaning that there is a little 
overlapping between two consecutive bands. 

 
 VIS IR 
Lambda (nm) 274.399 ± 0.026 1050.54 ± 0.13 
Δ Lambda (nm) 1.89124 ± 0.00080 9.46673 ± 0.00071 
Spectral Width (nm) 2.11 ± 0.22 10.95 ± 1.21 

Table 6. Spectral profile for both M detectors: visible and infrared (Florence,RD35)  
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5.4.2. Orsay Calibration 
Only the spectral profile at a single temperature was studied in Florence, while the final 
spectral registration (bands vs. wavelengths) was studied by using the spectral registration  
measurements performed at Orsay under different thermal conditions (see RD09) by using the 
gas cells.  
 
The following table shows a summary of values obtained during the calibration measurements 
in Orsay, comparing reference spectra with the ones measured by VIRTIS on the Infrared 
channel at three different temperatures: Cold-Nominal-Hot. 
 

 

 
Table 7. Summary of the main parameters of the spectral profile for VIRTIS-M-IR. 

Relative table for Visible channel is not available. (Orsay, RD09) 

5.4.3. Final Spectral Registration 
 

The figures below show the final results of the calculations, using the values obtained in 
Orsay to correct the first fit obtained in Florence. In particular one can see the final curves for 
temperature dependence of the slope and intercept and the parameters of the fit to be used in 
the final wavelength generation. 

 

 
Figure 51. Spectral registration for VIRTIS-M Visible channel (Florence+Orsay, RD35).  
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Figure 52. Spectral registration for VIRTIS-M Infrared channel (Florence+Orsay, RD09 + RD35).  
 

5.4.4. Wavelength Generation Routine 
 

As a final result of the spectral calibrations performed on ground, the routine 
WAVELENGTH_GEN (“wavelength_gen.pro”), included in the calibration package, 
compiles all the necessary parameters to compute the wavelengths for both the visible and 
infrared channels. The slope and the intercept are calculated from the fit of the relative values 
following the tables above. 
 
The only input for this routine is the information of temperature of the spectrometer (in 
Kelvin) and produces the ouput variables lambdaVIS and lambdaIR, which result in two 
vectors of 432 elements corresponding to the wavelengths in [nm] for each band.  
 

pro Wavelength_gen, Tspec, lambdaVIS, lambdaIR 
 
; the slope and the intercept are calculated from the fit of the relative  
; value during the Orsay calibration 
; the slope and the intercept are calculated from the document "VVX-VIR-TN-002" 
 
    lambdaVIS=fltarr(432) 
 slopeVIS = 0.00086947*Tspec + 1.77018852 
 interceptVIS = -0.00265214*Tspec + 288.59715454 
 lambdaVIS = interceptVIS + findgen(432)*slopeVIS 
 
    lambdaIR=fltarr(432) 
 slopeIR = 0.00062407*Tspec + 9.399441505 
 interceptIR = -0.0099124*(Tspec)^2. + 2.28419487*Tspec + 912.51006589 
 lambdaIR = interceptIR + findgen(432)*slopeIR 
end 

 
Open issue: an error shift of -9.8nm has been observed in the spectral registration, to be 
corrected in future releases of the calibration software. The cause of the shift is not yet 
identified and it is allocated in time during the cruise phase. One possible cause may be 
attributed to thermal-mechanical relaxation of the instrument plus spacecraft. 
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Open issue: a problem of different responsivity has been observed for the odd spectels (along 
spectral dimension) with respect to the even ones. This is under investigation and is to be 
corrected in future releases of the calibration software. 
 
Open issue: The calculation of the Full Width at Half Maximum (FWHM) of each 
pixel/spectel has not yet been implemented in the calibration pipeline. These values are 
temporarily set to the difference between consecutive wavelengths (see sections 5.8.3 and 
5.7.1). 
 

5.5. RADIOMETRIC CALIBRATION 

Raw data cubes contain the signal detected by the sensors and are expressed in Digital Numbers (DN). 
The counts can be converted into physical units of spectral radiance Rad (W m-2 sr-1 μm-1) by using the 
following formulas: 
 

IRIR

IR
IR

VISVIS

VIS
VIS

sbRt
lsbDNlsbRad
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lsbDNlsbRad
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),,(),,(

),(
),,(),,(

⋅
=

⋅
=

 

 
where b, s and l correspond to band, sample and line location of the pixel/spectel in the original cube; t is 
the integration time (in seconds) indicated in the PDS header of the file for VIS and IR channels; R(b,s) is 
the 2-dimensional responsivity matrix for VIS and IR channels. This calculation can be applied to high 
resolution acquisitions (432 bands x 256 samples); in other modes, when spatial and/or spectral 
resolutions are reduced, it is necessary to interpolate both spectral tables and responsivity matrices 
according to binning values. 
 
Note that both dark currents and thermal background noise are not present in the data, as they are 
previously subtracted by on-board processing performed in the Main Electronics and also the thermal 
correction processing described above (see section 5.3.1). 
 
Whenever mathematical errors happen during the calibration process, either in the ITF conversion or in 
any other procedure (for example in the case of division by zero), the routine sets these pixels to a 
predefined flag, -1001. The use of this flag allows the user to identify this kind of pixels, so that they can 
be ignored or corrected with some user-defined processing. (see section 5.7.2) 

5.5.1. Instrument Transfer Functions 
The only difference between Visible and Infrared processing is the application of a specific 
Instrument Transfer Function for each type of data. Each of these two ITF’s is stored in a 
binary file as a 2-dimensional matrix, containing the values of responsivity of the sensor 
frame for each relative spectel. The unit of the responsivity is defined as (m² · sr · µm)/(W · s). 
 

- VEX_VIRTIS_M_IR_ITF_V2.DAT: full resolution responsivity for the 
VIRTIS-M infrared frame (432 bands x 256 samples). The radiometric 
response has been determined after the instrument calibrations performed on 
ground and each pixel of the matrix represents the ITF for a single spectel. 
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Figure 53. Graphical view of the infrared ITF matrix.  

 
- VEX_VIRTIS_M_VIS_ITF_DUMMY.DAT: full resolution responsivity for 

the VIRTIS-M visible frame (432 bands x 256 samples).  
 

Open issue: Due to some internal constraints, the radiometric response of the Visible channel 
has not yet been fully determined and thus the ITF file is currently a uniform image with 
dummy values = 1.0.  

 

 
Figure 54. Graphical view of the visible ITF matrix (currently null)  

 

5.5.2. ITF conversion 

The conversion from Digital Counts (DC) to physical radiance is done following the formula 
given above, which in the algorithm is written as  
 

 
Radiance[*,*,k] = rawcube[*,*,k] / (texp*ITF_MATRIX) 

 
 
Where :  

 
- rawcube[*,*,k] corresponds to a single 2-D raw frame within the raw cube 
- texp is the integrated time used for the observations (defined by the command parameters) 
- ITF_MATRIX is the 2-dimensional matrix with the responsivity values for each spectel 
- Radiance[*,*,k] is the 2-dimensional frame in physical units calculated from the input raw 

frame 
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Note that these operations are performed after the “pre-processing” procedures, that is, with 
the cube already corrected for thermal evolution, bad frames, dead pixels and saturated values 
(see section 5.3). 
 
Note also that the input raw cube could have negative values caused by noise and thus the 
output calibrated cube might also contain negative values that are not consistent. These values 
are not filtered by the current version of the software. 
 

5.6. DATA CORRECTION POST-PROCESSING 

Some of the data correction procedures need to be performed with physical units (radiance in this case) to 
avoid interpreting instrumental effects as scientific valid data. Therefore these corrections are applied 
after the radiometric conversion and are referred here as “post-processing” procedures. 
 

5.6.1. Spike removal 
Whenever a single event is detected on one of the sensors, it is seen as a spike in the data 
frame, which is usually well recognised within the spectra. The most usual events affect a 
single pixel and can be easily recovered but in the case of heavy ions and cosmic rays, they 
may affect several adjacent pixels and cause problems for the data correction.  
 

 
Figure 55.  Effect of spikes and cosmic rays on a data frame of the VIRTIS M-IR sensor 

 

Spikes 

Cosmic ray 
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Figure 56.  Single pixel spike in a spectrum of the M-Visible channel 

 
The calibration pipeline includes a standalone routine called DESPIKE (“despike.pro”), that 
performs a systematic check and corrects for single pixel spikes.  
  
ALGORITHM: 

 
i. Pixel is considered a spike if it greater/lower than the median of its local area +/- a 

valid margin. 
ii. Local area is defined as the given pixel and its 8 neighbours along the frame 

(sample + bands dimension) 
iii. Valid margin is defined by the standard deviation of the local area multiplied by a 

certain level (usually 3.0).  
iv. The standard deviation of the local area is defined as : (second highest - second 

lowest pixels in the local area), divided by 2 
v. When cube contains NaN values, spikes next to NaN pixel are not detected.  

 
 
 
 
 
 
 
 

Figure 57.  3x3 kernel defining the “local area” of a single pixel 
as the 9 adjacent pixels along the frame dimension. 

 
Since the Calibration Software version 2.1, a new version of the despiking routine is used,  
DESPIKE_FAST (“despike_fast.pro”). This new version applies the algorithm at frame scale, 
that is, not going pixel by pixel, but applying the local areas globally for each frame (see 
source code for more details). In principle the base of the algorithm is the same avoiding loop 
cycles and is up to five times faster than the old one with the same results. In some cases there 
might be small differences with respect to the old despike procedure due to NaN values and 
the accuracy of IDL float numbers, especially when using large pixel values (raw IR/VIS or 
calibrated VIS cubes). 
 
Note that the current despike routine is used systematically for all files and it uses a method 
implemented specifically for VIRTIS data, which is meant to reduce the effect of spikes 

Spike 
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trying to preserve the most of the scientific information. There are many other noise reduction 
routines that can be used to remove spikes, but they have not been implemented in the 
pipeline to avoid loosing valid data as much as possible. The user is free to use any other 
noise reduction routines if desired, depending on the scientific use of the data.  
 
On the other hand we cannot exclude that some scientific information could be lost during the 
current despiking process. Although it is very unlikely, the current procedure could cause a 
lose of valid information for very specific cases with data being focused on a single spectel of 
the frame. For these cases the user should refer to the raw data and perform a specific 
calibration without despiking. 
 
A summary of this process can be found in the log file (see section 5.7.4 and APPENDIX B – 
Example of information summary log file). Only the percentage of affected pixels is given. To 
find the exact pixels affected, one can refer to the raw cube file. 
 

5.6.2. Stripe removal 
In the scientific observations performed by VIRTIS we can often see vertical stripes on each 
band, that is, samples that for a certain reason have a different responsivity with respect to the 
other ones along the slit, without being reflected in the ITF.  
 
The calibration pipeline includes a standalone routine called DESTRIPING_SELECTIVE 
(“destriping_selective.pro”), which performs the correction for this problem.  
 
ALGORITHM: 

 
The algorithm implemented in this routine has 4 separate steps that work for each 
spectral band in the cube file: 

  
i. Identify the data that are within a given valid range, e.g. to exclude deep space, 

saturated values, etc 
 

ii. For each separate band, make a mask of lines to define valid regions, avoiding 
deep space, saturated values, dead pixels, etc. The defined mask is always 
rectangular and covers a certain number of lines for each band. 
  

 
Figure 58.  Illustration of the masking process 

 

MASK 



Dottorato di Ricerca in Scienze Tecnologie e Misure Spaziali: Astronautica e Scienze Da Satellite 
 

84 

iii. For each separate band, calculate the average of each column in the previously 
defined mask 
 

 
Figure 59.  Illustration of the averaging of each column 

 
iv. For each separate band, apply the correction factor of each column. This factor 

is calculated from the difference of the average of each column with respect to 
the adjacent ones. The order of magnitude of the correction is around 2~3% of 
the measured radiance. 

 
RESULTS: 

 
The results of this process for different kind of images can be seen in the following 
figures. As one can see the effect of the vertical stripes is reduced improving the 
scientific quality of the images without losing any information in the spectral 
dimension.  

 

 
Figure 60. Effect of destriping process on image of the lower clouds in night side 

 

Average of each column 
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Figure 61. Effect of destriping process on image of the top level atmosphere in day side 

 

5.6.3. Spectral filtering 
The spectral filtering is not performed in the present version of the calibration process. 
 

5.6.4. Spatial filtering 
The spatial filtering is not performed in the present version of the calibration process. 

 
 

5.7. FINALISATION 

This section of the process includes all the procedures performed at the end of the calibration process, 
once the calibrated cube is in its final format. This section includes the finalization of the cube, generation 
of the extra information and the creation of the output files.  
 

5.7.1. Extra information 
As introduced in the previous section 5.8.3, the calibration process generates not only the 
radiometrically calibrated data, but also some extra information for the scientific 
interpretation of the data. This information is generated in the form of three planes with the 
same dimensions of the spectral frame, usually 432 bands per 256 samples (in the case of high 
resolution cubes), containing one value for each pixel/spectel on the frame.  

 
The three planes contain the following information:  

 
o First plane: central wavelength of each pixel/spectel of the frame (in microns). See 

section 5.4 Spectral registration for more information about the calculation of these 
values. 
 

o Second plane: Full Width at Half Maximum (FWHM) of each pixel/spectel of the 
frame.  
• Open issue: these values are temporarily set to the difference between 

consecutive wavelengths. The calculation of the correct FWHM has not yet 
been implemented in the calibration pipeline (see section 5.8.3 and 5.4.3). 
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o Third plane: Uncertainty of the radiance value of each sample of the frame.  
 

• Open issue: these values are temporarily set to a dummy value of -1. The 
calculation of the correct uncertainty has not yet been implemented in the 
calibration pipeline. 

 

5.7.2. Flag special pixels 
During the whole of the calibration process, some of the pixels are identified as invalid data, 
that is, without any meaningful or representative scientific information. These pixels or 
spectels, depending on the case, are set to a certain predefined flag representing either the 
cause of the error or the reason for invalidity. The utilisation of these flags allows the final 
user to identify this kind of pixels, so that they can be ignored or corrected with some user-
defined processing.  
 
As a general rule, the user should know that any pixel with value below -999 can be 
considered invalid. The list of predefined flags and their meaning is given in the following 
table.  

 
PDS keyword Flag 

value Meaning 

CORE_VALID_MINIMUM -999 Minimum valid value. Data below this value has no scientific 
meaning and must be considered a flag. 

CORE_HIGH_INSTR_SATURATION -1000 Used in the case of saturated values. 
(see section 5.3.4) 

CORE_HIGH_REPR_SATURATION -1001 Used in the case of mathematical errors happened during the 
calibration process, e.g. division by zero. (see section 5.5.2) 

CORE_LOW_INSTR_SATURATION -1002 currently not used 

CORE_LOW_REPR_SATURATION -1003 currently not used 

CORE_NULL -1004 
Null value. Used for missing data pixels, that is for dead or 

defective pixels which could not be recovered.  
(see section 5.3.3) 

Table 8. Predefined flags used for identification of invalid values 

5.7.3. Write calibrated cube file 

At the end of the calibration process and once all the data and extra information is available, 
the routine V_CONVLABEL (“v_convlabel.pro”) is called to write the output calibrated file 
in its final PDS format.  
 
The routine takes as inputs the radiometrically calibrated data cube and the extra information 
planes produced in the previous steps of the process, together with the time information read 
from the raw housekeeping. All this is used by the routine to create an output binary file 
following the format discussed in the section 5.8. This  
 

VI0046_00.QUB  VI0046_00.CAL 
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The output file includes also an ASCII header in PDS format with the most important 
information for the user. See RD03 for details about this PDS label and other archiving 
conventions used. An example of PDS label can be found on (page 205). 
 

5.7.4. Write Info log file 
Right after the creation of the calibrated cube file, the software generates an ASCII log file 
with the summary of the calibration process and the most important information of the whole 
pipeline. This file is saved in the same path as the calibrated cube, and uses the same base 
name with the extension “.TXT”. For example:  
 
 ...\VIR0046\CALIBRATED\VI0046_00.CAL  Calibrated cube file 
 ...\VIR0046\CALIBRATED\VI0046_00.TXT  Summary info log file 
 

In the APPENDIX B – Example of information summary log file (page 207) one can see an example of 
the contents of one info log file, with the PDS header for compliancy with the archiving standards. Note 
that the format of these files can be modified in future versions of the calibration software. 
 

5.8. CALIBRATED SCIENCE DATA FORMAT 

The calibrated data of both sensors Visible and Infrared are stored in a format similar to the raw data, but 
with some important differences due to the different nature of the information (physical units in floating 
format) and to the different information applied and stored during the calibration process. 
 

 

 
Figure 62. Schema of the calibrated science data format  

with the three extra planes containing applicable information 
 
The output file includes also an ASCII header in PDS format with the most important information for the 
user. See RD03 for details about this PDS label and other archiving conventions used. An example of 
PDS label can be found on (page 202). 
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5.8.1. Spectral cube core structure 
The cube core (QUBE in the notation of the Planetary Data System Standard) is a 3-
dimension matrix containing the radiometrically calibrated data, named spectral radiance, 
stored in physical units: 
 

srmm
W

⋅⋅ μ2  

 
The calibrated data is saved in floating precision, using 4bytes per element. Note the 
difference with the raw format, which used only 2 bytes as the data was stored in digital 
numbers.  
 

 

5.8.2. Backplane  
The information stored in this plane corresponds to the time of acquisition (in SCET format) of 
each individual frame (or line). The time of acquisition considered is the centre of the integration 
time: 
 

2
expt

SCETSCET NGHOUSEKEEPICAL −=  

 
This backplane is produced by the calibration pipeline and stores the time using 3 words of 2 bytes 
each, i.e. using a total of 6 bytes. As the backplane has the same format of the core cube (4 bytes 
per pixel), the time is stored with the following structure: 4 bytes for the integer part (in the first 
sample of the plane), and 2 bytes for the fractional part. As the instrument reads a full 2-D frame 
(samples x bands) on each acquisition, only one value is needed for each line of the cube, and the 
rest of the line remains empty (with dummy values). 
 

 
Figure 63. Backplane structure for a high resolution cube (256 samples).  

Note that : 1 sample = 2 words = 4 bytes 
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5.8.3. Extra planes  
 
Besides the main core containing the scientific data and the exact times, every calibrated cube is 
stored together with another three extra planes, which are written as an extra cube in the same file. All 
of the planes have the same dimensions of the spectral frame, usually 432 bands per 256 samples (in 
the case of high resolution cubes), containing one value for each pixel/spectel on the frame. 
 
o First plane: contains the central wavelength of each pixel of the frame. This information is 

calculated based on the ground spectral calibration measurements (see reference documentation). 
The “bands x samples” matrix is expressed in floating precision in physical units (μm) and is 
generated by the calibration pipeline (see section 3). 

 
o Second plane: contains the Full Width at Half Maximum (FWHM) of each pixel of the frame. The 

“bands x samples” matrix is expressed in floating precision in physical units (same units as the 
wavelength data) and is generated by the calibration pipeline (see section 3). 

 
• Open issue: The calculation of the correct FWHM has not yet been implemented in the 

calibration pipeline. These values are temporarily set to the difference between 
consecutive wavelengths (see section 5.4). 

 
o Third plane: contains the Uncertainty of the radiance value of each sample of the frame. The 

“bands x samples” matrix is expressed in floating precision in physical units (same units as the 
radiance data) and is generated by the calibration pipeline (see section 3). 

 
• Open issue: The calculation of the correct Uncertainty has not yet been implemented in the 

calibration pipeline. These values are temporarily set to a dummy value of -1. 
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5.9. Complementary Analysis of the Odd-Even Effect 

This section reports a detailed study and analysis of the Odd-Even effect observed for the Mapping 
channel (-M) of the VIRTIS instrument onboard Venus-Express. We call here as “odd-even effect”, a 
substantial difference of responsivity between adjacent pixels or spectels of the infrared FPAs. This effect 
is considered negligible when using long exposure times (>3s), but it becomes more important when 
observing the bright regions (day side of Venus) with relatively low exposure time (typically 20 ms). This 
is a specific case where possible non-linearities may become important for the calibration process. The 
cause of these differences is believed to be a Fixed Pattern Read-Out Noise, which was already observed 
during the ground characterisation tests of the read-out circuits. Further investigations on this effect are 
currently ongoing, especially with respect to the radiometric calibration, and are expected to solve part of 
the problem. However for the moment in the scientific observations performed by VIRTIS we can often 
observe odd-even irregularities both in the spatial and the spectral dimensions. 
 

5.9.1. Theoretical Background 
Photons incident on a semiconductor generate electron-hole pairs through a process known as the 
photoelectric absorption effect or simply the photoelectric effect. Once created, the carriers are free to 
move in the semiconductor lattice, where they are quickly collected by picture elements (pixels). The 
majority of CCD and CMOS imagers are designed and fabricated to generate electrons and discard holes 
through a device ground return. Particles other than photons can also produce signal carriers by ionizing 
silicon atoms as they travel through the lattice, including high-energy electrons, protons, ions, etc. Any 
high-energy particle that is in a charged state can free primary valence electrons that collide with other 
silicon atoms to generate secondary electrons. In this text it will be assumed that photons, electrons and 
silicon are responsible for generating electronic pictures.  
 
The figure below shows the photoelectric effect taking place when interacting photons have adequate 
energy to overcome the silicon band gap energy by removing a valence electron into the conduction band. 
A single photon might also have extra energy to generate multiple electrons. 
 

 
Figure 64. Diagram showing photoelectric effect 

The ability of a semiconductor to produce electrons from incident photons is referred to as its quantum 
efficiency (QE): e- / incident photon. 
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5.9.1.1. Photon Transfer Curve 

This section introduces the principles and mechanics of a Photon Transfer Curve, hereafter named simply 
PTC. An ideal PTC response for a camera system exposed to a light source is illustrated in the Figure 65 
below. For a sub-array of pixels, rms noise is plotted as a function of average signal at different light 
levels (or exposure times).  
 

 
Figure 65. Ideal total noise PTC illustration showing the classical four noise regimes 

 
Four distinct noise regimes are identified in a PTC:  
 

a) The first regime, read noise, represents the random noise measured under totally dark 
conditions, which often include several different noise contributors (see section 5.9.1.6 
further below).  

 
b) As the light illumination is increased, read noise gives way to photon shot noise, which 

represents the middle region of the curve. Since the plot in Figure 65 is on log-log 
coordinates, shot noise is characterized by a line with slope of ½.  

 
c) The third regime is associated with pixel Fixed Pattern Noise (FPN), which produces a 

characteristic slope of unity because signal and FPN scale together.  
 
d) The fourth region occurs when the sub-array of pixels enters the full-well regime. In this 

region the noise modulation typically decreases as saturation is approached. Although shot 
noise always decreases, for some arrays the FPN may actually increase (CMOS often exhibit 
this characteristic). This happens because some columns of the array may reach full-well 
before others, generating a fixed-pattern, column to column noise. In either case, a rapid 
noise deviation from the ½ or 1 slope curves indicates that full well has taken place. 

 
PTC measurements are made initially in computer Digital Number (DN) units that will be converted to 
electron units later. For statistical reasons, it is desirable to include as many pixels in a PTC measurement 
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as possible. In general we can say that the measurement accuracy is proportional to the square root of the 
number of pixels sampled (see RD58, chapter 6).  
 
Usually the Exposure Time is varied for a PTC sequence, letting the charge integration period and frame 
readout time remain constant. For fast PTC generation, the exposure time is increased logarithmically to 
cover the dynamic range more quickly. It is also possible to vary the light intensity and keep the exposure 
time constant. A response of several orders of magnitude may be required for high-end scientific camera 
systems. This might require very different light sources and different exposure times, which are needed to 
cover the full dynamic range of the sensor. In some cases it might be difficult to cover the full range due 
to the constraints of the sensors (e.g. exposure times too fast for the electronics) or to the light source 
itself (e.g. too much radiance needed). Light uniformity across the sub-array of pixels being samples 
needs to be better than 1%, or FPN measurements would be in error. Shot error is insensitive to field 
flatness.  
 
The average signal level is plotter only after a fixed average electrical offset level is removed from the 
raw pixel values that were initially stored in the computer. For CMOS sensors, finding a pixel region in 
absence of electrons is not possible because all pixels are active. In this case the offset value is 
determined from several dark frames that are averaged to reduce the random noise they contain.  
 

5.9.1.2. Photon transfer noise sources 

When photons strike a detector, interactions immediately produce a signal variance or noise from pixel to 
pixel. In this section, four fundamental noise sources are described, which are very important for the 
Photon Transfer to work.  
 

 
Figure 66. Classical PTC illustration in DN showing various regimes 
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5.9.1.3. Photon Shot Noise (σSHOT) 

Signal shot noise is fundamentally connected to the way photons spatially arrive to the detector. 
The standard deviation of the number of interactions per pixel is called photon shot noise.  
 
This is a type of noise that occurs when the finite number of photons is small enough to give 
rise to detectable statistical fluctuations in a measurement. The intensity of a source will yield 
the average number of photons collected, but knowing the average number of photons which 
will be collected will not give the actual number collected. The actual number collected will 
follow a Poisson distribution. 
 
Since the Poisson distribution approaches a normal distribution for large numbers, the photon 
noise in a signal will approach a normal distribution for large numbers of photons collected. 
The standard deviation of the photon noise is equal to the square root of the average number of 
photons. The signal-to-noise ratio is then 
 

 
 
where N is the average number of photons collected. When N is very large, the signal-to-noise 
ratio is very large as well. It can be seen that photon noise becomes more important when the 
number of photons collected is small. 
 

5.9.1.4. Fano Noise (σFN) 

If all the energy of an interacting photon was spent in the production of electron-hole pairs, 
there would then be no variation in the number of e-h pairs produced. On the other hand, if the 
energy was partitioned between breaking covalent bonds or lattice vibrations, or if phonon 
production was uncorrelated, Poisson statistics would apply. But neither is the case in nature.  
 
In detector systems, the Fano noise results from the energy loss in a collision not being purely 
statistical. The process giving rise to each individual charge carrier is not independent as the 
number of ways an atom may be ionized is limited by the discrete electron shells. The net result 
is a higher energy resolution than predicted by purely statistical considerations. The Fano factor 
is defined as: 

 
where is the variance and μW is the mean of a random process in some time window W. 
 
Note that relative to signal shot noise, Fano noise is only important when the number of photon 
interactions per pixel is very small, this condition makes that the Fano noise becomes 
appreciable in the soft X-ray regime. Ultra-low read noise CCD ad CMOS imagers and 
cameras are Fano noise limited throughout the x-ray spectrum. 
 

5.9.1.5. Fixed Pattern Noise (σFPN) 

After the photoelectric effect takes place, the pixels collect the photoelectrons generated. The 
charge collection process is not perfect because some pixels collect charge more efficiently 
than others, resulting in pixel-to-pixel sensitivity differences. This effect generates Fixed 
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Pattern Noise (FPN) in the image. This noise is called fixed because it is not random, as it has 
the same spatial pattern from image to image.  
 
Unlike shot noise, which varies as the square root of the signal, FPN is proportional to the 
signal. It is for this reason that FPN for visible and near Infrared applications will dominate 
signal shot noise over most of a sensor dynamic range. 
 

5.9.1.6. Read noise (σREAD) 

Read noise is defined as any noise source that is not a function of the signal. The first data 
points collected by a typical Photon Transfer Curve (PTC) measure the read noise floor. The 
following table gives the most common read noise sources for CCD and CMOS devices.  
 

Noise Source Symbol 
Pixel source follower noise σSF 
Sense node reset noise σRESET 
Thermal dark current shot noise σD_SHOT 
Dark current fixed pattern noise (FPN) σD_FPN 
ADC quantizing noise σADC 
Offset FPN σOFF 
System noise σSY 

 
The general read noise equation is given by:  
 

σREAD
2
 = (σSF

2+σRESET
2+σD_SHOT

2+σD_FPN
2+σADC

2+σOFF
2+σSY

2) 
 

5.9.1.6.1. Pixel Source Follower Noise (σSF) 
Pixel source follower noise is composed of three components: white noise, flicker noise and 
random telegraph signal noise. The pixel’s source follower MOSFET limits the read noise 
floor. Fortunately, other noise sources can usually be reduced to negligible levels relative to 
source follower noise. Remarkably, source follower noise for high-performance CMOS and 
CCD cameras have been driven down to approximately one noise electron rms. 
 

5.9.1.6.2. Pixel Source Follower Noise (σRESET) 
Reset noise voltage is thermally generated by the channel resistance associated with the reset 
MOSFET included on the sense node capacitor. As a result, the sense node reference voltage is 
difference each time a pixel is reset. For CCDs, reset noise is entirely removed by correlated 
double samples (CDS) signal processing, and therefore it is not an issue. For specific CMOS 
pixel architectures it is however difficult to remove the reset noise, even after using CDS.  

 

5.9.1.6.3. Thermal Dark Current Noise (σD_SHOT + σD_FPN) 
All pixels naturally generate an unwanted source of charge, referred to as dark current. 
Although many kinds of dark current sources exist, thermally generated dark current is the 
most common source. The amount of dark charge produced varies from pixel to pixel, and 
contributes for the read noise floor. Two forms of thermal dark current noise exist: dark shot 
noise and dark fixed pattern noise.  
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Figure 67. Dark current FPN non-linearity versus signal (left) and time (right 

5.9.1.6.4. ADC Quantizing Noise (σADC) 
When a pixel signal is digitalized by a linear ADC (Analogue-Digital Converter) it introduces 
an uncertainty, which can add to the read noise floor. The rms error about the perfect ramp 
response is known as ADC quantizing noise. This noise is dependent on the ADC sensitivity. 
As the sensitivity increases the noise becomes apparent until it dominates the read noise floor.  
 

 
Figure 68. ADC quantizing noise in a transfer curve 

5.9.1.6.5. Offset Fixed Pattern Noise (σOFF) 
The offset level is very important for accurate signal measurement. And therefore, for most imagers 
the offset level needs to be tracked for each amplifier port. In particular for CMOS imagers, all pixels 
must be monitored because each pixel exhibits a different offset level (See section 5.9.2.1). 
 
CMOS offset fixed pattern noise is significantly greater than reset noise, which itself is greater than 
pixel source follower noise. For certain CMOS readout modes (rolling shutter and snap), Digital 
Correlated Double Sampler (DCDS) can be employed to remove offset FPN and reset noise. This 
kind of DCDS processing first reads all pixels right after being globally reset. This “dark image” with 
offset/reset levels samples is stored in a computer. Then the signal charge is integrated for a specific 
period of time and the pixels are read again. The image levels are then differenced with the 
offset/reset levels and both the offset and pixel Fixed Pattern Noise are removed, leaving only read 
and shot noise.  
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5.9.1.6.6. System Noise (σSY) 
Dozens of system noise problems can potentially degrade the read noise floor, including preamp 
noise, transient noise, synchronous and non-synchronous logic noise, settling and ringing noise, 
ground bounce noise, luminescence, clock phase jitter noise, ADC feedback noise, power supply 
noise, circuit crosstalk noise, oscillation noise and electromagnetic noise, just to name a few.  
 
The majority of these noise sources are dynamic and the noise level changes from frame to frame, 
making them difficult to model and remove from computer. For purposes of analysis, all system 
noise sources are lumped together into one term called σSY. Ideally, these noise sources should not be 
present. 
 

5.9.2. VIRTIS Readout Integrated Circuit Performance 
 
This section describes the results of the detailed characterization test on the performance of the ISC9807 
readout integrated circuit (ROIC), used for the VIRTIS instrument, both onboard Rosetta and Venus 
Express missions. We can see that the odd-even effect is already present in these tests although it is 
compliant with the specification requirements.  
 
This ROIC is a high performance CMOS for Infra-Red imaging spectroscopy designed for P-on-N MCT 
detectors. The ROIC architecture is shown in Figure 69 and consists of: 
 

- 270 x 436 pixel array (active area) 
- 38mm unit cell 
- Snap shot charge integration 
- Integration then read mode (ITR) 
- Variable integration time 
- Frame Rate < 0.83Hz (270x438 at 100kHz pixel rate) 
- Fast Forward Burst mode - no valid data- (pixel readout at 1MHz) 
- Adjustable detector bias 
- On-chip test capability 
- 2 test columns for integration tests 

 

 
Figure 69. ROIC architecture (reference voltage generation) 
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The complete results of the characterisation tests can be seen in the reference documentation (RD65). 
Only the results relevant to the Odd-Even effect are reported here: the Offset and Gain Uniformity. 
 

5.9.2.1. Offset Uniformity 

Offset voltages of the entire array have been measured and offset uniformity extracted. The figure shows 
the output data line (few pixels of two rows) with two test columns in the injection mode, Figure 3. An 
odd/even offset has been observed due to non-symmetrical clock feedthrough between pixels in odd 
columns and pixels in even columns. The histogram representation of the offset, for a given region of the 
array is represented in Figure 4. The offset between the odd and even column is measured to be around 
85mV, slightly larger than the expected 50mV. The offset voltage generated by the amplification stages 
only can be estimated to about 110mV peak-to-peak. 
 

 
Figure 70. Output data timing 

 
 

 
Figure 71. Histogram of the offset 

 
Acceptance test of the offset uniformity is 200mV peak-to-peak (grade A) and 300mV peak-to-peak 
(grade B), therefore the ROIC is compliant with the specifications. 
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Table 72. Offset specification compliance 

 

5.9.2.2. Gain Uniformity 

Although there is no requirement for the gain dispersion from pixel to pixel across the array, the gain 
uniformity in the core range test mode, Figure 73, has been measured for the entire array. An odd/even 
gain difference of about 2% is measured. 
 

 
Figure 73. Core range gain uniformity 

 
Figure 74 below shows the output of two pixels from the odd and even test columns (first test column and 
last test column of one row). The anti-blooming level follows the odd/even offset. 

 

 
Figure 74. Odd and even test column output in the injection test mode 

 
The gain uniformity has been extracted in the injection test mode for the test columns, Figure 75. A gain 
difference of approximately 1% is measured between odd test columns and even test column due to non-
symmetrical odd and even unit cells. 
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Figure 75. Gain uniformity (injection test mode) 

 

5.9.3. Odd-Even Effect on VIRTIS Data 
 
In this section we will analyse the odd-even effect on the VIRTIS data obtained in flight. As we have seen 
in the previous sections, some odd-even was already measured during the ground characterisation tests, 
but it was accepted due to the very low magnitude. Indeed, this effect is almost negligible at the first level 
of the scientific analysis, but it becomes very important when observing the emission bands in detail, or 
when studying particular zones of the spectrum where the signal is not very high.  

 

 
Figure 76. Sample of odd-even effect, visible when zooming certain parts of the spectrum. 

 
The odd-even was detected from the very first observations in flight but due to the great quantity of data 
that was arriving with high scientific interest, this problem was given low priority with respect to other 
important issues. Now, after two years in flight, we are in the position to start looking into the details of 
this problem and try to get the first ideas on the possible causes and the potential methods to solve the 
problem. 
 

5.9.4. Odd-Even Empirical Analysis 

5.9.4.1. Summary of characteristics of the study 

As a first impression, the magnitude of the effect is dependent on the observation parameters and 
conditions, and it is also different for different parts of the spectrum and the frame. For this reason, we 
have proposed a global approach, trying to observe this effect in many different observations, in order to 
look at the potential dependence with modes of operation or any other parameter used.  
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For this reason we have preformed an analysis looking at all the available data from the Venus Orbit 
Insertion in April 2006 to December 2007. To narrow down the possibilities, we have also focused the 
analysis on a small part of the spectrum and we have added some geometrical constraints, using only limb 
data, where the effect seems to be more important. 
 

- All data from April 2006 (VOI) to December 2007 (MTP022) 
 
- Only 15 bands have been used (4.02um-4.16um), which correspond to the left 

wind of the non-LTE emission of the CO2 and the CO2 absorption band. 
 
- Only limb data: we have restricted the analysis to data at altitudes between 100 

and 160 km, in order to reduce thermal emission from atmosphere) 
 

- Nominal regime: Ignored spectra with saturated values which do not represent a 
valid radiance 

 
- Positive: Ignored spectra with negative values, which are caused by noise and 

may affect the final average results 

5.9.4.2. Method 

The method used for the analysis was simply to calculate the average spectrum of all the pixels in the 
valid area of each image considering the constraints given in the previous section. For the spectrum 
obtained, we obtain the average value of the odd pixels and the average value of the even pixels 
separately. These values are shown in a plot and the values are saved in a table for further analysis.  
 
The following figures show two samples of plots obtained during the analysis, where we can observe that 
the difference between odd and even changes sign when varying the exposure time.  
 

 
Figure 77. Odd-even effect for an observation with exposure 0.02s.  

Odd pixels and average (blue), Even pixels and average (red), total average (black). 
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Figure 78. Odd-even effect for an observation with exposure 3.3s.  

Odd pixels and average (blue), Even pixels and average (red), total average (black). 
 
The output of the analysis are both the spectrum plots for each image and the table with some observation 
parameters, temperatures, and the values for odd, even and total averages.  
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VI0025_05.CAL 3.3 5 89.9 160.7 3800.1 5794.0 1806.2 3987.8 104.9 
VI0025_03.CAL 3.3 5 89.6 160.4 4769.6 5869.7 3669.5 2200.2 46.1 
VI0025_08.CAL 0.36 2.5 89.6 160.6 992.5 1058.9 926.1 132.7 13.4 
VI0025_06.CAL 0.36 2.5 89.6 160.7 830.7 714.7 946.7 -232.0 -27.9 
VI0025_00.CAL 0.02 2.5 88.1 159.2 40440.3 23555.2 57325.4 -33770.3 -83.5 
VI0025_02.CAL 0.02 2.5 88.7 160.0 29345.8 13604.9 45086.7 -31481.8 -107.3 
VI0025_01.CAL 0.02 2.5 88.5 159.7 24576.0 9344.3 39807.8 -30463.5 -124.0 

Table 79. Sample of parameters obtained for orbit 25.  
 

5.9.4.3. Results 

 
The most important thing that can be seen from the result table is the high dependence of the odd-even 
difference with the exposure time. For some cases when the exposure time is short, the odd pixels have 
values greater than the even ones, while for longer exposure times, the even pixels are bigger. The 
following figure shows the distribution of a small representative subset of observations, where the 
dependence is very clear. 
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Figure 80. Even-Odd difference (in %) as a function of exposure time.  

Only a subset is used (orbits 400-499).  
 

In general, seeing these results, one can get to the following preliminary assumptions:  
 

- SHORT Exposure time (0.02s):  
 

 ODD bands are higher than EVEN bands 
 Even-Odd variation is -80 ~ -150% of the measured signal 

 
- MEDIUM Exposure time (0.36s): 

 
 ODD bands are higher than EVEN bands 
 Even-Odd variation is 0 ~ -50% of the measured signal 

 
- LONG Exposure time (3.3s): 

 
 ODD bands are lower than EVEN bands 
 Even-Odd variation is 0 ~ +50% of the measured signal 

 

5.9.5. Summary and Interpretation  

5.9.5.1. Summary 

Summary of the key facts that concern the odd-even effect:  
 

- The Read-Our Noise (σREAD) is very important for accurate signal measurement. For CMOS 
imagers, all pixels must be monitored because each pixel exhibits a different offset and gain level. 
(see section 5.9.1.6.5) 

 
- An offset difference is observed due to non-symmetrical clock feed-through between pixels in odd 

columns and pixels in even columns (see section 5.9.2.1). 
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- A gain difference of approximately 1% is measured between odd test columns and even test 
column due to non-symmetrical odd and even unit cells (see section 5.9.2.2). 

 
- All the problems with gain and offset uniformity should be corrected by the Instrument Transfer 

Function, but an odd-even difference is seen also after the data calibration. It seems therefore that 
the ITF does not correct the odd-even effect. 

 
- Due to some limitations, the radiometric calibration was performed using one single control point 

by making two assumptions:  
 linearity of the gain with signal 
 offset is zero after subtraction of dark frames 

 
- There seems to be a clear dependence with the exposure time, and what is more important, a 

change of sign is observed in the difference between odd and even spectels. Odd pixels have 
greater values than the even ones for short exposure times (<1s), while the even pixels are bigger 
for longer exposure times. 

 

5.9.5.2. Interpretation 

The sign change in the odd-even difference could be explained by the different offset for odd and even 
spectels. 
 
If we consider this possibility of having different offsets σeven and σodd, we can see that the ITF 
(Instrument Transfer Function) still crosses the control point (forced by the calibration), but the difference 
between odd and even channels has different sign before and after the control point. Moreover, we can 
also observe that the magnitude of the difference varies with the measured signal and with the exposure 
time, i.e. difference gets bigger when far from the control point.  
 

ç 

Figure 81. Illustration of Instrument Transfer Function. Theoretical ITF is shown in dashed line.  
Effect of a different offset for odd channels (blue) and even channels (red). 

 
As we have said previously, theoretically the dark subtraction should be enough to reduce the offset to 
zero but seeing these results it seems no longer true. A potential explanation for the offset not to be zero, 
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is that this offset might not be fixed, but it might have a dependency with the level of signal measured. A 
representation of this dependency with signal is given in the figure below. The current calibration 
methods remove the constant offset by subtracting the dark measurements, but they ignore any potential 
variation with the signal.  
 

 
Figure 82. Illustration of Offset variation. Theoretical ITF is shown in dashed line (blue).  

Theoretical constant offset (green) and signal dependent offset (brown). 

5.9.5.3. Proposal 

A proposal to confirm this dependence would need further analysis of the in-flight data, using raw data in 
digital numbers instead of the calibrated data that has been previously used. The idea would be to 
calculate the odd-even difference at a fixed band range, preferably around a flat region of the spectrum. 
This odd-even difference should be plotted with respect to the measured radiance in DN, divided by the 
exposure time. If the hypothesis of the linear offset variation is correct, we should see a linear distribution 
of the odd-even difference with respect to the DN/texp. 
 
Would this dependence with the signal be confirmed, we should reconsider the radiometric calibration to 
take this effect into account. Therefore, if we consider the current method used for the radiometric 
conversion function:  

),(
),,(),,(

exp sbRt
lsbDNlsbRad

⋅
=  

 
where b, s and l correspond to band, sample and line location of the pixel/spectel in the original cube; texp 
is the integration time (in seconds); R(b,s) is the 2-dimensional responsivity matrix with values for all 
spectels. 
 
To reduce the odd-even variations we could start by assuming linearity of the dependence (as a first 
approach). We could then simply consider the offset contribution as a simple extra component σ(b,s), 
different for each position of the pixel/spectel within the frame, which would compensate the original 
signal measured. 
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However, having this equation, we could simply put the new multiplicative effect at the same level of the 
ITF responsivity matrix R(b,s): 
 

)),(),((
),,(),,(

exp sbsbRt
lsbDNlsbRad
σ⋅⋅

=  

 
In this case we could simplify again the equation to the original radiometric conversion, this time with a 
new corrected ITF, R*(b,s), which already contains the corrected responsivity values: 
 

),(
),,(),,( *

exp sbRt
lsbDNlsbRad

⋅
=

 

 
In the proposal for the correction of the odd even effect on VIRTIS data, we can see that we could use the 
same radiometric conversion function, simply with a corrected ITF. The σ component could be first 
retrieved by empirical analysis of the ground calibration data. As a first approach, this could be done for a 
couple of spectels where the odd-even effect is well visible and if the results are good enough, this can be 
extended to the rest of the spectral frame. 
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6. VIRTIS-M HIGH LEVEL PROCESSING 
 

6.1. OVERVIEW 

 
This section gives a detailed description of the high level 
data processing methods developed for the VIRTIS 
instrument on-board Venus Express. These methods have 
been implemented for the generation of high level and 
high quality global maps of the radiance measured over the 
whole planet, which can then be used for the 
understanding of the global dynamics and morphology of 
the Venusian atmosphere. 
 
This work has been done under guidance and supervision 
of the Principal Investigator and with close collaboration 
of the whole VIRTIS Science and Technical team. The 
final products obtained from this research are currently 
being used by the planning team to build new scientific 
observations and many of the scientific results have 
already been published in several international journals 
and conferences (see section 7.1). 

 

Figure 83. Global Map of Oxygen 
Airglow obtained from VIRTIS-M-IR 
night side measurements 

 

6.2. INTRODUCTION 

Single observations performed by VIRTIS typically cover only a fraction of the Venus' disk and thus they 
provide instantaneous information of local features, with very important details for the study of both 
morphology and local dynamics. 
 
However, to study the global morphology of Venus' atmosphere new projection methods are needed. In 
this research project we take profit of the good coverage of the instrument, mapping same regions at 
different times and with different conditions (season, local solar time, etc) to link the current 3-
dimensional VIRTIS measurements (2 spatial + 1 spectral) with their evolution in time. 
 
The final products of this study are high quality global distribution maps of radiance over the whole 
planet, showing the different morphology and structure of various layers of the atmosphere.  
 
The instrument has three detectors: M-Infrared, M-Visible and H (High-resolution), although only M-IR 
has been used for this study. The same methods will be applied to the Visible channel once the 
radiometric calibration is completed and the Visible Instrument Transfer Function is made available. 
 

6.3. METHOD 

 
The method presented here was originally intended to calculate the averaged values of radiance for a 
single wavelength. Some of the preliminary projection methods developed had very positive results and 
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were already used for public outreach on the ESA web (see section 7.2). However, in the later phases of 
implementation it was observed that a more generic approach could be used, in order to allow the system 
to perform the calculations not for a single band, but for any preselected set of bands, thus covering a 
wide range of scientific topics, from the surface emission rates to the structure and global dynamics of the 
low and upper atmosphere, depending on the bands and type of processing selected. 
 
In order to perform the calculations, the method needs several processing steps: to select the valid 
applicable data for each study, apply the required corrections and processing, and the final projections, 
averaging and of the final result. A summary of the various steps is given here below. 
 

6.3.1. Data selection 
 
The first preliminary selection for the program is the data type that shall be considered for the processing, 
which can be simply done by selection of a filename filter, which would only consider files of a certain 
channel: VI for M-IR, VV for M-VIS, VT for H.  
 
Given the channel type, it is still necessary to select the wavelength and bandwidth of the cubes that will 
be used for the processing. The spectral registration (assignment of band number to a certain wavelength) 
varies with the observation conditions and thus it is in principle not possible to fix a band number for all 
the cubes. However, in the VIRTIS-VEX case the spectral variation is in the order of 1 band for a 
temperature variation of 15 kelvin [Cardesín Moinelo et al, 2009], and in the current dataset (all 
observations from the start of nominal mission until 2009) the temperature conditions are quite stable 
(temperature variation of the spectrometer below 20 degrees). As the spectral resolution is not one of the 
critical factors in this study, we can simply overlook the wavelength shift by selecting groups of several 
adjacent bands, which are then integrated or averaged, depending on the scientific purpose of the 
selection. In normal conditions, groups of 3 or more bands are enough to use as input for the processing, 
although as we will see in the coming sections, it is preferred to select full emission windows (up to 10 or 
20 bands, equivalent to a bandwidth of 100 or 200 nanometres for M-IR), as this helps also to increment 
the signal to noise ratio.  
 

 
 
At the same time, it is also possible to specify certain bands that will be used for the calculation and 
extraction of the continuum and other spurious emissions or signals that need to be subtracted from the 
input data, depending on the scientific interest. This is done in the same way via the selection of groups of 
extra bands. For example, the continuum is usually calculated using the boundaries of the emission 
windows, computed for the whole band-with of the input selection and then automatically subtracted. The 
spurious emissions or signals can also be calculated and subtracted using a certain correction factor, as for 
example in the case of thermal emissions that need to be subtracted from airglow measurements. 
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6.3.2. Data filtering 
 
In order to increase the wide range of different scientific studies, it is possible to filter the input data using 
different types of observation parameters and/or geometrical constraints. 
 
As an example of observation parameter, there is the exposure or integration time commanded to the 
instrument. A filtering of this parameter allows ignoring certain observations which are known to have 
too low Signal to Noise Ratio (SNR) or that could be saturated. Other parameters could also be applied, 
such as the operational mode, pointing type, etc. 
 

 
 
Concerning the geometrical constraints, it is interesting to take into account parameters such as the 
emission angle, to assess the effect of the pointing geometry, the incidence angle, to study the dependence 
with the solar illumination, or the tangent altitude, in order to build vertical profiles of the different 
emissions in limb geometry. 
 

6.3.3. Data conversion 
 
The input data is obtained directly from the VIRTIS calibrated cube files, which are given in radiance 
units (W/m2/srad/μm) [Cardesín Moinelo et al, 2009]. For certain studies it may be needed to convert this 
data into different units, depending on the purpose of the scientific study, for example to compare the 
results with other measurements or international standards.  
 
It is then possible to apply external conversion algorithms to change the nature of the input data and 
perform the same processing in terms of Thermal Brightness [kelvin] or in Emission Rate 
[MegaRayleigh]. 
 
Thermal Brightness 
 
The Thermal Brightness or Brightness Temperature is the equivalent temperature of a black body, in 
thermal equilibrium with its surroundings, needed to produce the observed intensity at a given 
wavelength. It is measured in SI temperature units: Kelvin. 
 

 
Thermal Brightness [K]  =  h · c / (λ · k · ln( radiance · λ5 + 2 · h · c2) / radiance · λ5) 
 
where h = 6.626·10-34 ; c = 299.792458·106 ; k = 1.38·10-23 

radiance is given in [W/(m3 sr)] ; λ is given in [meters] 
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Emission Rate 
 
The Rayleigh is the unit of luminous flux used to measure air glow emissions (e.g. auroras), widely used 
in astronomy and planetology to compare results from different instruments in space and ground 
experiments. One Rayleigh (1 R) is defined as a column emission rate of 1010 photons per square meter 
per column per second. Note that Rayleigh is an apparent emission rate, as no allowances have been made 
for scattering or absorption. [Hunten et al, 1956] 
 

 
Emission Rate [MR]  =  1.9864867 · π · λ · radiance · 9.46673 

 
radiance is given in [W/(m3 sr)] ; λ is given in [meters] 
 

 
Note that in the case of multiband selection at input, the conversions might be applied before or after the 
data integration/averaging, depending on the nature of the conversion. In the case of Thermal Brightness, 
the conversion is usually applied directly at the beginning for each of the bands selected, and then the 
average is calculated with the obtained brightness temperatures, instead of the input radiances. In the case 
of Emission Rate, the input bands are usually integrated previously, in order to calculate the emission rate 
for the whole integrated band-with. 
 
 

6.3.4. Data correction 
 
As mentioned above, the input data is obtained directly from the calibrated cubes in radiance units 
(W/m2/srad/μm), coming directly from the calibration pipeline [Cardesín Moinelo et al, 2009] without 
any further processing, with the exception in some cases of the data conversion previously explained. 
 
Each of the observation is obtained with a different geometry (pointing type, distance, velocity, etc) and 
thus the data needs some correction procedures to compensate the geometrical effects before we can use 
data from different observations all together. 
 
The current system allows several external correction algorithms to correct for these geometrical effects. 
For example, it is usually very important to correct for the emission (or emergence) angle, which is the 
angle between the line of sight and the vertical at the observed point. This is a measure of the optical 
thickness of the atmosphere and its correction is different depending on the selected wavelength and the 
scientific topic under study (airglow emission, cloud opacity, etc). More information about the emission 
angle corrections used for can be seen in the coming sections, with more particular details depending on 
the specific wavelength and scientific topic. 
 

 
 
Further data correction methods are applied sometimes to mitigate minor environmental and instrumental 
effects, such as the signal spikes, dead or defective pixels, vertical stripes, salt and pepper noise, etc. 
Some of these effects are already corrected during the calibration process [Cardesín Moinelo et al, 2009] 
but only in a very generic way and some minor effects can still be present. Although very specific 
algorithms can be used depending on the subject of the study, in general a simple median filter [3x3], or 
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sometimes [5x5], seems to be enough for most of the generic analysis that have been done so far, 
considering that the potential reduction of the spatial resolution and attenuation of small local details is 
not a problem for the global mapping of the planet. 
 

6.3.5. Data Projection 
 
In order to compare and process all the data coming from different measurements, it is necessary to 
present the data with the same format, same spatial resolution and in the same reference frame. 
 
The format chosen is a 2-dimensional grid, uniformly distributed in latitude and longitude for a 
planetocentric analysis of the measurements, or in latitude and local time, in the case of studies that are 
more dependent to the illumination conditions as it is the case for the Venusian atmosphere. 
 

 
Figure 84. Single VIRTIS observation projected on two different grids: [LATITUDE vs LOCAL 
TIME] on the left and [LATITUDE vs LONGITUDE] on the right. Note that the Local Time is 

inversely proportional with respect to the Longitude (due to Venus retrograde rotation). 
 
The gridding method used here performs an inverse distance interpolation of the measured pixel values 
from the Venusian spheroid onto a regular grid. Interpolation is limited to a “search ellipse” which has the 
same size of the grid pixel, in order to avoid creation of artefacts in the final projection with data that is 
not real. Computations are performed in double-precision floating point and the returned value is a two-
dimensional floating point array. The pixels of the grid that do not contain any valid data are set to the 
specific value “Not a Number” (NaN) in order to exclude them from the calculations. 
 
The spatial range of the grids is selected in order to cover the whole surface of the planet, that is Latitude 
[-90º, 90º] and Longitude [0º, 360º] or Local Time [-12h, 12h]. Smaller grids could be defined to focus on 
specific areas if needed, although generally the purpose is to study the global effects, so the whole ranges 
are usually selected. 
 
The spatial resolution of the grid is variable depending on the type of study, although it is generally 
enough to consider a cell of [1 degree x 1 degree] or [1 degree x 0.1 hour], as most of the studies are 
meant for analysis of the global morphology and global dynamics. It would also be possible to increase 
the resolution in order to keep more details on local features, although the computational may be 
increased and it is normally not worth it. 
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6.3.6. Final calculations 
 
After all the processing previously described, we have obtained one 2-dimensional grid for each of the 
measurements, labelled with the observation time and the original file name. All these grids are saved 
together into a single three dimensional cube, with dimensions Latitude-Longitude-Time, or Latitude-
Local Time-Time, depending on the case. These cubes have a format very similar to the input 
hyperspectral cubes, where we were able to obtain the spectrum for each of the image pixels. In this case, 
we can now obtain the time variation of a selected image pixel, and therefore we can denominate this 
result a hyper-temporal cube or simply an image-series. 
 
The first evident result, and most useful so far, that can be obtained from these hyper-temporal cubes, is 
the total average value for each of the pixels in the grid. In other words, we can obtain the averaged value 
for each spatial position in Latitude-Longitude or Latitude-Local Time, expressed either in radiance 
value, thermal brightness, emission rate or whatever other quantity that was processed. 
 

 
Figure 85. Diagram of the hyper-temporal cube and calculation of the average values for each pixel 

in the grid. 
 
In addition to the averaged value obtained, it is also useful to measure the total number of measurements 
that where taken in a specific grid position, in order to produce coverage maps and identify areas of 
interest that need to be re-planned in future observations. 
 
There are also an important number of statistical analyses that could be performed on these data, which 
could provide many interesting results depending on the scientific topic. It is for example interesting to 
calculate the standard deviation of the measured data in the time dimension, in order to study the stability 
of different regions of the planet. In the same way, it is also possible to study time variations and 
fluctuations of the measured values. 
 

a) Final hyper-temporal cube of projected grids 
(Lat-Lon) tagged with time of the observation 

b) Average of all projections at 
each pixel location 
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Figure 86. Example of temporal variation of Thermal Brightness at 3.8um near the South Pole 

 
The final results of the calculation process are stored in an output binary file, once more in the format of a 
multiband image or cube. All bands have the same dimensions of the projected grid, with the final values 
calculated for each of the pixels in the grid, i.e. one value for each position in Latitude and Longitude or 
Local Time. There is one band for each of the calculated values: mean value, total value, number of 
measurements, etc, plus two bands containing the geometrical positions of each pixel. Any other 
statistical calculation could be added as an extra band. 
 

6.3.7. Data visualization 
The output cube contains all the information, the data values and the geometrical information, saved in a 
rectangular grid with all the necessary details to understand the data. This data can then be displayed in 
any kind of projection of the planet depending on the type of data or the subject to be studied. 
 

 
Figure 87. The final results are rectangular arrays with the calculated data and all the geometrical 

information. This information can then be displayed in any kind of projection of the planet (a 
typical orthographic projection is shown here). 

 

latitude 

local time 

total counts 

mean value 

total value 
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The typical projections used for this work are described in the following sections. Note that the 
projections are usually described only for Latitude-Longitude. In our work we use also the Latitude-Local 
Time projection, which is equivalent, simply replacing longitude by local time, that is, considering the 
projection not only in planetocentric coordinates, but with respect to the sun illumination. 
 

6.3.7.1. Orthographic Projection 

This projection is a perspective projection from infinite distance. As such, it maps one hemisphere of the 
globe into the plane, therefore making the planet look like a sphere as would be seen by the naked eye. 
Distortions are greatest along the rim of the hemisphere where distances and land masses are compressed. 
 
This is the default projection method, as it has been used historically (even 2000 years ago by the 
Egyptians and Greeks). 

 
Figure 88. Example of Orthographic Projection of the whole planet 

 

6.3.7.2. Cylindrical (equidistant) Projection 

The cylindrical equidistant projection is one of the simplest projections to construct. This projection 
simply lays out horizontal and vertical distances on the cylinder to coincide numerically with their 
measurements in latitudes and longitudes on the sphere. Hence, the equidistant cylindrical projection 
maps the entire globe to a rectangular region bounded by longitudes [-180,180] and latitudes [-90,90]. 
 
Note that this projection is “equidistant” in angle, that is in Latitude, Longitude or Local Time when 
applicable, but is not “spatially equidistant”, or in other words, it is not an “equal area projection”, as the 
areas and spatial distances measured in different regions of the projection are completely different. Note 
that the regions near the pole are completely distorted (although they keep the angular proportion). 
 

 
Figure 89. Example of Cylindrical (equidistant) Projection of the whole planet 
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6.3.7.3. Hammer-Aitoff Projection 

The classical Aitoff projection modifies the equatorial aspect of one hemisphere of the azimuthal 
equidistant projection. Lines parallel to the equator are stretched horizontally and meridian values are 
doubled, thereby displaying the world as an ellipse with axes in a 2:1 ratio. 
 
The Hammer-Aitoff projection used here is similar to the Aitoff projection, but it adjusts the projected 
distances in order to produce an equal area map of the entire globe (as for Lambert’s equal area 
projection), useful for visual representations of geographically related statistical data and distributions. 
This projection is widely used in astronomy to show the entire celestial sphere on one map in a way that 
accurately depicts the relative distribution of the stars in different regions of the sky. In this work we 
sometimes use the same approach for radiance distribution over the Venus sphere. 
 

 
Figure 90. Example of Hammer-Aitoff projection of the whole planet 

 

6.3.7.4. Robinson Cylindrical Projection 

This pseudo-cylindrical projection was designed by Arthur Robinson in 1963 for Rand McNally. It is 
suitable for global sphere maps and is a compromise to best fulfil a number of conflicting requirements, 
including an uninterrupted format, minimal shearing, minimal apparent area-scale distortion for major 
continents, and simplicity. It was designed to “make the world look right”. Since its introduction, it has 
been adopted by the National Geographic Society for many of their world maps. 
 
Each individual parallel is equally divided by the meridians. The poles are represented by lines rather than 
points to avoid compressing the northern land masses. The central meridian should always be 0 degrees 
longitude to retain the correct balance of shapes, sizes, and relative positions.  

 

 
Figure 91. Example of Robinson pseudo-cylindrical projection of the whole planet 
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6.4. RESULTS 

This section shows the results obtained with the current setup of the system, with discussion of the 
scientific and technical interpretation of the data. All maps presented here are performed with resolution 
of 1 degree in latitude and 1 degree in longitude, or alternatively 0.1 hour (6 minutes) in local time.  
 

6.4.1. Observation Coverage 
The first part of the work shown here is a study of the global observation coverage performed by the 
VIRTIS instrument with the Infrared channel, from the orbit insertion up to the orbit 920, which means 
almost three years of observations. The coverage shown here is defined as the number of observations 
that contain valid data for each of the pixels in the grid. In other words, each pixel contains a value which 
is the number of times that it has been observed. 
 
This part of the study does not have a deep scientific content as it is more focused on the operational side, 
but in any case it is needed to interpret the results obtained with the real data that will be shown further 
below. The global study of the coverage is very useful to understand the observation geometry and, in 
particular, the great impact of the fixed Venus Express orbit and its consequences on the scientific 
observations. 
 
Section 1.2.2 contains further details on the Venus Express orbit. In summary: the elliptic orbit is very 
eccentric, with the pericenter at low altitude (~250km) over the north pole, which causes that the northern 
hemisphere is only visible close to pericenter, when the spatial resolution is very high but the footprints 
are rather small causing very low coverage. The opposite (low resolution, good coverage) happens for the 
southern hemisphere as the apocenter is very high (~65000km) over the south pole. 
 

6.4.1.1. Local Time Coverage 

 
The first global maps show the accumulated projections of all measured footprints of the instrument, 
distributed along Latitude and Local Time in order to study the coverage with respect to the sun 
illumination. 
 
The first two figures (Figure 92 and Figure 93) represent both hemispheres of the planet centered on each 
of the poles. As one can see, the southern hemisphere has very good coverage, whereas the northern 
hemisphere is very poor, with 100 times less observations. It is also noticeable that the night side of the 
planet has slightly better coverage, which is planned on purpose for a better study of the thermal emission 
in the night side. 
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Figure 92. Coverage of VIRTIS-M-IR observations in the Venus southern hemisphere,  

distributed along local time (midnight is down, noon is up). 
 
The large altitude of the apocenter is the main reason of the high coverage of the southern hemisphere 
(Figure 92). In nominal observation modes, the instrument Field Of View (FOV) is typically a square 
64x64 milliradians, which means that when the spacecraft is at apoapsis, centered at the south pole and at 
very high distance (~65000km), one single VIRTIS observation can typically cover a square of 
~4000x4000km. Indeed at this distance the whole planet can be covered simply with nine observations, 
which is usually known as a “Mosaic” observation and is very common in the operations planning.  
 
In Figure 92 we can also identify the FOV shape at high latitudes (-70 up to -90 degrees), as there is a 
large number of observations centered around the pole in order to track the polar vortex. The spacecraft 
position is usually aligned with the sun as it is nominally in power optimised mode with the solar panels 
perpendicular to the sun, and for this reason, the VIRTIS FOV is well visible when projecting the image 
with respect to the Local Time, i.e. fixed with respect to the sun illumination. 
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Figure 93. Coverage of VIRTIS-M-IR observations in the Venus northern hemisphere,  

distributed along local time (midnight is down, noon is up). 
 
The map on Figure 93 shows the lack of coverage in the northern hemisphere, where we can even 
visualize some of the gaps that have not been observed during the mission. As already mentioned, the 
pericenter of the orbit is situated over the north pole, and therefore the spacecraft altitude over the 
northern hemisphere is very low (from 5000km at equator down to 250km at the pole). At these low 
distances, the same FOV mentioned before, 64mrad wide, covers only 320km for a nadir observation at 
the equator, or even only 16km when observing near the pericenter. On the other hand, the spacecraft 
speed near the pericenter is very fast, and there is not enough time to move the scanning mirror to build 
an image. Therefore the observations near the pericenter are usually commanded in pushbroom mode, i.e. 
leaving the scanning mirror fixed at one position. This causes the footprint to follow the movement of the 
spacecraft above the ground, with increasing the speed as it approaches the pericenter. This operational 
mode, known as Science Case 1 (see section 2.3), makes the footprints at the northern hemisphere look as 
narrow stripes that cover high latitude ranges. 
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The map in Figure 94 shows the same global coverage shown previously, using all Infrared and Visible 
observations at all exposure times, but now using a Hammer-Aitoff projection in order to visualize the 
global coverage over the whole sphere (see Section 6.3.7.3 for more details on this projection). 
 

 
Figure 94. Coverage of VIRTIS-M-IR observations on Venus (Logarithmic scale), shown in a 
Hammer-Aitoff projection. Map is distributed along latitude (north up, south down) and local time 
(noon is in the center of the map, local time increases right to left). 
 
A further selection of the global coverage map can be done by selecting subsets of observations of 
particular interest, for example, creating different coverage maps for the different observing modes. As a 
first approach we have created two different coverage maps for the two main integration times used by 
the instrument, as they have very well differentiated scientific objectives.  
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Figure 95. Coverage of VIRTIS-M-IR Infrared observations on Venus (Logarithmic scale), with 
short exposure times (below 2 seconds), shown in a Hammer-Aitoff projection. Map is distributed 
along latitude (north up, south down) and local time (noon is in the center of the map, local time 
increases right to left). 
 
The first map shown on Figure 95 shows the VIRTIS coverage of Infrared observations performed with 
exposure (or integration) time less than two seconds. These short exposure times are used for the thermal 
emission between 4 and 5 μm (also called L-M in the JHKLM system) and the dayside of the planet, 
where the radiance is very high. For example this is the typical exposure time used to observe the polar 
vortex at 5 μm (see Section 6.4.2.2). 
 
We can also observe in Figure 95 that most of the coverage gaps are situated along the terminators (dawn 
at 6h, dusk at 18h) which is caused by the operational limitations of the spacecraft. Again due to the 
power optimised mode, the solar panels must always be perpendicular to the sun direction, and in the 
terminators the FOV of the instrument is aligned with the movement of the spacecraft, thus reducing the 
footprint of the observation on the ground, causing a reduction of the coverage in these areas. 
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Figure 96. Coverage of VIRTIS-M-IR observations on Venus (Logarithmic scale), with long 
exposure times (over 2 seconds), shown in a Hammer-Aitoff projection. Map is distributed along 
latitude (north up, south down) and local time (noon is in the center of the map, local time increases 
right to left). 
The next map on Figure 96 shows the VIRTIS coverage of Infrared observations performed with 
exposure times longer than two seconds. These long exposure times are used exclusively for the nightside 
of the planet, in particular to study the first part of the infrared spectrum between 1 and 3 μm (equivalent 
to the JHK region in the JHKLM system). This is the region of some very important features studied by 
the instrument, such as the atmospheric CO2 windows, airglow emissions, etc. Note that for this exposure 
times, the thermal emission is usually saturated even in the nightside and therefore the larger wavelengths 
cannot be studied. As one can see in the image, there is almost no observation of long exposure time 
performed in the dayside of the planet, as the dayside emission for this exposure times is usually 
saturated, and therefore this type of observations are not even planned in the dayside of the planet. 
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6.4.1.2. Longitude Coverage 

The VIRTIS instrument observes mainly the venusian atmosphere, but in some atmospheric windows it 
can also get measurement of the thermal emission coming from the venusian surface and thus extracting 
the topographic information. It is therefore useful to have the coverage map not only in terms of local 
time, but also with respect to the actual longitude being observed. For this reason the latitude-longitude 
coverage maps are shown hereafter. 
 

 
Figure 97. Coverage of VIRTIS-M-IR observations on Venus (Logarithmic scale), shown in a 
Hammer-Aitoff projection. Map is distributed along latitude (north up, south down) and longitude 
(0º is in the center of the map, longitude increases left to right). 

 
The first map on Figure 97 shows the coverage of all VIRTIS Infrared observations, at any exposure time, 
distributed along latitude and longitude. We can see, as happened with the first maps of Local Time, that 
the coverage in the northern hemisphere is much lower than in the south. The longitude coverage is more 
or less uniform both in the north and southern hemispheres, although some more gaps are visible in the 
eastern longitudes [0º-180º]. 
 
The map on Figure 97 shows all the observation coverage regardless of the sun illumination, that is, 
displaying all observations at any sun incidence angle, both dayside and nightside. However, the VIRTIS 
surface observations are only performed through the atmospheric windows in the nightside of the planet, 
as these are saturated when looking at the dayside of the planet. For this reason, we can build a new 
coverage map showing only the nightside observations, which would really reflect the actual VIRTIS 
surface coverage of the planet.  
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Figure 98. Coverage of VIRTIS-M-IR night side observations on Venus (Logarithmic scale), shown 
in a Hammer-Aitoff projection. Map is distributed along latitude (north up, south down) and 
longitude (0º is in the center of the map, longitude increases left to right). 
 
The map on Figure 98 shows the coverage of all VIRTIS Infrared observations performed in the night 
side of the planet, that is with Incidence angle higher than 100 degrees (actual terminator is at 90 degrees 
but 10 degrees are left for margin). Observations with all exposure times are shown, distributed along 
latitude and longitude. We can see in this case that there is a very important gap of coverage in the eastern 
hemisphere [longitude 0º-180º]. The reason of this important gap is simply driven by the planetary and 
spacecraft ephemeris. The condition for a nightside observation in the northern hemisphere can be indeed 
summarized as: “sub-spacecraft point must be in the northern hemisphere and not illuminated”. In the 
northern hemisphere most of the observations are performed in pure Nadir mode, thus observing the sub-
spacecraft point, and the Venus Express orbit is fixed in the inertial frame, therefore the longitude of the 
sub-spacecraft point is varying very slowly with the time following Venus translation, which is very slow 
(1 Venus year = 225 Earth days). In particular, the sub-spacecraft point crosses the antisolar point 
(midnight) twice every venusian year, when the sun is in the VEX orbit plane. On the other hand, Venus 
has a very slow rotation (1 Venus sidereal day = 243 Earth days), which makes that the part of the planet 
that is illuminated by the sun moves very slowly. When we put these two effects together (Venus 
translation and rotation) we can see that it takes a long time for the spacecraft to cover all illumination 
conditions for the whole planet. It is then not a coincidence to see a lack of coverage for some 
illumination conditions on same regions of the planet. As a graphical demonstration of the lack of 
coverage seen in the Eastern hemisphere on Figure 98, we can have a look at the rotation of the planet 
with respect to the sun position and the VEX inertially fixed orbit. This is shown in Figure 99.  
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Figure 99. This figure shows the Venus translation around the Sun (in the center) as seen from the 
North. The straight oblique arrow represents the spacecraft movement along the orbit plane 
(inertially fixed). The movement of the Venus Meridian (0º Longitude) and East point (90º 
longitude) are also represented for the first two Venusian years of the mission. Venus Meridian is 
shown as a grey circle on the first year and a grey square in the second year. Venus East point is 
shown as a red circle on the first year and a red square in the second year. 

 
In this Figure 99 one can observe the position of Venus East point (90º longitude, shown in red) with 
respect to the Sun (in yellow) and the VEX orbit plane (straight arrow), for the duration of the nominal 
mission, which corresponds to the first two Venusian years. As one can see, for the whole of the nominal 
mission the East point was never in the dark side of the planet and under the orbit plane at the same time. 
This did happen during the extended mission, where the eastern hemisphere was well visible in the dark 
night side, but the observations were not performed due to other operational constraints. Indeed, for the 
extended mission all the main night side observation campaigns occurred during periods of very low data-
rate (high Earth-Venus distance), where the observations of the northern hemisphere were reduced to the 
bare minimum.  
 
It now seems that this gap in longitude coverage will no longer be recovered, at least with the Infrared 
channel, although it might be hopefully covered in the future with the Visible channel, which can also 
observe the surface through the atmospheric window in the 1μm band. 
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6.4.1.3. Limb Observation Coverage 

The VIRTIS instrument performs many types of observations that intercept the planet sphere, which have 
been presented in the previous coverage maps. However, there are also very important atmospheric 
observations that may not intercept the planet and still are very interesting to study altitude profiles of 
certain emissions both in the day and night side. These are the limb observations, which measure the 
emissions coming from the atmosphere at all altitudes, from the ground level (0km), to the cloud top 
(60km) and especially those at the higher atmospheric levels (90-160km). These limb observations are 
performed at emission angle 90º (by definition of limb) and do not appear in the usual coverage maps 
(which nominally show only observations with emission angle below 80-85º).  
 

 
Figure 100. Coverage of VIRTIS-M-IR observations on Venus, covering the limb at altitudes 
between 80 and 170km. All observations at any distance or exposure time are considered. Map is 
shown in a Hammer-Aitoff projection, distributed along latitude (north up, south down) and local 
time (noon is in the center of the map, local time increases right to left). 

 
We present here in Figure 100 the coverage map of all VIRTIS-M Infrared observations performed at the 
limb between altitudes 80 and 170 km. This range has been chosen on purpose because the most 
interesting emissions (airglow, non-lte, etc) are present in that altitude range. One can see that most of the 
limb observations are performed at low latitudes near the equator. This is again due to the orbit shape, as 
the apocenter is very far from the planet in the south, most part of the time the spacecraft is in the 
southern hemisphere (~23h out of 24h) and the visible limb is at the equator. Only when approaching the 
planet, the limbs observations can also be performed at higher latitudes towards the poles.  
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Figure 101. Coverage of VIRTIS-M-IR observations on Venus, covering the limb at altitudes 
between 80 and 170km. Only Limbs with slant distance less than 15000km are shown. All 
observations with any exposure time are considered. Map is shown in a Hammer-Aitoff projection, 
distributed along latitude (north up, south down) and local time (noon is in the center of the map, 
local time increases right to left). Due to the low number of points on the grid, the image might be a 
bit blurred or smoothed during the projection, although it does not affect much the overall 
distribution. 
 
In the map of Figure 101 we now show the coverage of the limbs performed at a slant distance (distance 
to tangent point in the atmosphere) less than 15000km. By putting this filter in the slant distance, we can 
now remove all the apocenter observations performed at large distances, which had very bad spatial 
resolution (~16km/pixel at apocenter). Indeed we can now see that the equator observations have 
disappeared and only the best high resolution limbs are shown. To know the lowest slant distance which 
is possible for a limb observation, we can use the following formula, which is simply the solution of the 
Pythagoras hypotenuse theorem:  
 

22)( RhRd −+=  
where: 

d is the limb distance, or distance to the tangent point on the atmosphere 
R is the radius of the planet, which for Venus is ~6052 km 
h is the spacecraft altitude above the surface 

 
Knowing that the pericenter altitude is about 250km, we can then see that the minimum limb distance is 
~1800km. Knowing that the pixel IFOV is 250μrad, we can see that the best possible spatial sampling for 
the limb is about ~500m/pixel at pericenter, while it is only ~4km/pixel for a distance of 15000km, and 
16km/pixel when observing at apocenter. It is easy to understand that the high vertical sampling is of 
maximum importance for the better understanding of the vertical profiles of the measurements, which 
then help to identify the various atmospheric layers at different altitudes. 
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Unfortunately, we can see in the map that there are many coverage gaps where more observations would 
be needed. The night side of the planet (Local Time 6h-0h and 24h-18h) is well covered, probably 
because there are many observations planned to observe the Oxygen airglow present in the night side of 
the planet. However, most of the night side observations are in the northern hemisphere, and coverage is 
missing in the southern latitudes. Regarding the illuminated side of the planet (Local Time 6h-18h), the 
overall coverage is very low and almost empty except for some observations at noon (Local Time ~12h). 
This important lack of coverage should be improved for the future planning of observations. 
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6.4.2. Thermal Brightness in the Thermal Region (3.8μm-5μm) 
 
The wavelengths between 3 μm and 5 μm are sensitive to both temperature and cloud opacity variations. 
Despite the uncertainties that this introduces, extensive radiative transfer modeling indicates that the real 
temperature profile in the mesosphere (60–100km altitude) can be retrieved from VIRTIS data with errors 
of only a few kelvin. 
 
 

 
Figure 102. Typical VIRTIS InfraRed Spectrum on the nightside of Venus, showing the positions of 

the two thermal bands subject of our study: 3.8μm and 5μm  
 
Although VIRTIS observes in all the thermal range from 3 to 5 μm, in this work we will focus only on the 
emissions observed at two specific wavelengths: 3.8 μm and 5.0 μm. VIRTIS observations usually show a 
strong correlation between the details observed at these two wavelengths, suggesting that the radiance at 
these bands may depend on the thermal emission from clouds at about the same level. Radiative transfer 
calculation sets the main source of the radiance at these wavelengths as coming from a layer at about 60 
km altitude, which corresponds to the upper cloud layer. Moreover, these wavelengths are of particular 
interest because they allow the study of the polar vortex, which is clearly visible at this altitude range. 
 

     

3.8μm 

5μm 

VIRTIS IR Nightside Spectrum 

3.8 μm  5 μm 
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Figure 103. Comparison of two thermal bands in the same observation of the south pole of Venus. 
We can observe the same vortex structure appearing at both wavelengths, although with slightly 
different brightness profiles and different contrast, especially for the dayside (above the vortex) and 
the cold collar in the night side (below the vortex). 
 
The atmospheric layer probed at these wavelengths shows also a slight overlap with the patterns seen in 
the near infrared atmospheric windows (1.74μm, 2.3μm), which are mainly modulated by the opacity of 
the lower and middle cloud layers [Piccioni et al 2007]. Detailed analysis of the atmospheric windows is 
done the following sections. 
 
The following global maps show accumulated projections of more than 2000 observations of the planet, 
represented here with respect to Latitude and Local Time (LT) in order to study the dependence with the 
sun illumination on the atmosphere. 
 

6.4.2.1. Thermal Brightness at ~3.8 μm 

 
This section will show the results obtained from the processing of the average values of the Thermal 
Brightness in the infrared thermic bands around 5 µm and the interpretation of the final products. Here 
some details of the parameters used for the calculations:  
 
- Input bands: 287-296 [3.73μm-3.82μm] (+/-10nm) 
- Each band is first converted to Thermal Brightness and then averaged 
- Filtered out data with emission angle above 80º to avoid limb measurements 
- No emission angle correction is performed for this wavelength (will be done in future research) 
- 4000 images used with all exposure times 
- Only VIRTIS-M-IR data has been used 
 
The first results are presented here in a typical orthographic map projection of the southern hemisphere of 
Venus, centered on the south pole, with Local Time increasing counter-clockwise. The upper part of the 
image is the anti-solar point or midnight (LT=0h), while the lower part of the image is the sub-solar point 
or noon (LT=12h). 
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Figure 104. Map of Thermal Brightness at 3.8 μm, shown in an orthographic projection of the 
Venus southern hemisphere, centered at the south pole, distributed along Latitude and Local Time 
(increasing counter-clockwise). The upper part of the image is the anti-solar point or midnight 
(LT=0h), while the lower part of the image is the sub-solar point or noon (LT=12h).  
 
The map shown in Figure 104 gives a clear impression of the overall brightness temperature and the 
dependence with the sun illumination, in particular with the two very distinguished regions: dayside 
(bottom half of the image) and night side (top half of the image). Only the southern hemisphere is shown 
as it is the part of the planet with higher coverage of observations. A similar map of the northern 
hemisphere is also possible and it shows a similar trend, although it contains many artefacts and gaps due 
to the lack of coverage. 
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Figure 105. Map of Thermal Brightness at 3.8 μm, shown in a Hammer-Aitoff projection of Venus, 
distributed along Latitude (north up, south down) and Local Time (increasing right to left) and 
centered at the sub-solar point (Noon, Local Time=12h). 
 
In order to perform a comparison of the brightness temperature values at all latitudes and local times, and 
the global trend in the whole planet, a Hammer/Aitoff projection is given in Figure 105. This map can be 
easily compared with the coverage map shown in Section 6.4.1.1, Figure 94. As one can easily interpret, 
the abnormal thermal brightness variations in northern hemisphere of the planet are simply due to the 
very low number of observations performed in those regions, were even some gaps are visible. In 
principle the northern and southern hemisphere are expected to contain similar equivalent values, and if 
we ignore the effect of the coverage, we can observe that the values are indeed highly symmetrical with 
respect to the equator. 
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Figure 106. Profiles of Thermal brightness at 3.8 μm measured at different latitudes in the southern 
hemisphere, plotted with respect to Local Time (midnight in the center). 
 
In order to allow a more detailed analysis on the low scale variations of the thermal brightness values, we 
have also shown a plot of the profiles at certain latitudes and their variation with local time, in Figure 106. 
Only latitudes in the southern hemisphere are used here so as to avoid the problems of low coverage of 
the northern hemisphere. 
 
 
Day side analysis: 
 
In a first approximated analysis of the Figure 104, Figure 105 and Figure 106, we can simply observe that 
the temperature brightness in the dayside of the planet reaches up to 285 degrees kelvin near noon (Local 
Time 12h), which would be caused by the effect of the sun irradiation, which is higher at this point due to 
the lower Incidence Angle (IA) at the sub-solar point. We can also observe at a glance that the 
temperature decreases uniformly in the dayside as the incidence angle increases when getting away from 
the sub-solar point, down to a value of circa 235-240 degrees kelvin in the terminator. In principle this 
dependence with the incidence angle could be easily approximated with a polynomial or trigonometric 
function (derived from cosine law), although this has not yet been done and is left for future research (see 
Figure 107). 
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Figure 107. Scatter plot of the Thermal Brightness at 3.8 μm with respect to the Incidence Angle 

(Solar Zenith Angle). Sub-solar point is on the left (IA=0), anti-solar point is on the right (IA=180). 
Terminator is in the middle (IA=90). 

 
However, when looking more into the detail, we can observe that the values exactly at the sub-solar point 
(IA=0º, Latitude 0º) are not the maximum temperatures as one could expect simply by the illumination 
conditions. Indeed when we study carefully the plots of Figure 106 we can see that values near the 
equator (Latitude 0º) are always in general a couple of degrees less than the values at slightly higher 
latitudes (e.g. Latitude 20º). This can also be appreciated in the map projection on Figure 105. These 
lower values at the equator are in principle not explained by the normal dependence with incidence angle. 
In this case we cannot exclude completely that part of this effect might be due to the low coverage near 
the equator (see again Section 6.4.1.1, Figure 94) or even to the effect of the emission angle, which is not 
corrected by the current processing. In any case the low values at these low latitudes can simply be 
explained by the actual atmosphere structure. As known from Pioneer UV observations, the equatorial 
region has the lowest intrinsic brightness of any area on the planet, although the variation of scattering 
and observing geometry (incidence and emission angles) occasionally produces the impression that this 
region is comparable in brightness to the mid-latitudes [Rossow et al, 1980]. Indeed the clouds tend to be 
thicker in the equatorial region [Carlson et al, 1993], which would cause slightly lower temperature 
values at low latitudes, not only in the night side, but also in the day side of the planet, as we can see both 
on Figure 105 and Figure 106. 
 
In addition to what we have just mentioned, there are some other minor variations observed in the local 
time profiles of the dayside, although they are possibly caused simply by instrumental effects not 
corrected by the processing (minor flat fields or emission angle effects). These variations are also more 
visible at low latitudes, as the observation coverage decreases as we get closer to the northern 
hemisphere. 
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Polar region analysis: 
 
The polar region, with latitudes over -70º latitude, is dominated by the presence of the Southern Polar 
Vortex. This structure, clearly visible at this wavelength, is likely to be the center of a vast vortex that 
rotates around the pole, and possibly associated with rapid down-welling of the cold atmosphere 
molecules coming from the cold collar region [Piccioni et al 2007]. The vortex may extend down to the 
lower cloud layers that lie at about 50km height and perhaps deeper, and rotates with a period of -2.48 
±0.05 days, slightly faster than the global atmosphere rotation period, which is about -4 days. The 
negative sign means that the vortex rotates in the direction of the planet and the super-rotating 
atmosphere, which is retrograde, i.e. opposite to the rotation of the Earth and most other planets in the 
Solar System. 

 
Figure 108. Global circulation model 

 
The diagram on Figure 108 shows the general atmospheric circulation model at Venus. The main feature 
is a convection-driven ‘Hadley cell’, which extends from the equatorial region up to about 60° latitude in 
each hemisphere. The trend is polewards at all levels, which can be observed by tracking winds (at about 
50–65 km altitude above the surface), so the return branch of the cell must be in the atmosphere below the 
clouds. A cold ‘polar collar’ is found around each pole at about 70° latitude; the Hadley circulation 
evidently feeds a mid-latitude jet at its poleward extreme, inside which there is a circumpolar belt 
characterized by remarkably low temperatures and dense, high clouds. Inside the collar, a thinning of the 
upper cloud layer forms a complex and highly variable feature, called the ‘polar dipole’, or the south 
polar vortex. Since generally, thinner-than average or lower-than-average clouds are often associated with 
descending air mass, and vice versa, the vortex may represent a second, high-latitude circulation cell, 
resembling winter hemisphere behavior on Earth. [Hueso et al, 2008]. 
 
The analysis of the mean map (in Figure 104) shows that the thermal brightness values vary very much 
with the latitude on both the night and day side. This is visible in the local time profile at latitude -80º on 
Figure 106, where the brightness temperature values go from the about ~235 kelvin close to the boundary 
of the cold collar, to ~246 kelvin at the center of south pole, and then up ~254 kelvin on the day side of 
the planet. This shows that the polar vortex is quite well centered at the south pole. When getting closer to 
the pole (see -85º on Figure 106) we can also see that the variation between day and night is much 
smoother and we can only observe the effect of the scattered light coming from the from the dayside, 
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which gives again the impression of anti-symmetry in the values. However, although there seems to be a 
sort of anti-symmetry on the temperature values for the day and night side, when looking at the detail we 
can observe a small difference in the range of variation at the profile of latitude -80º (Figure 106): ~11 
kelvin colder on the night side with respect to ~8 kelvin hotter on the dayside. This is indeed due to the 
effect of the cold collar, which “cools down” the atmosphere around the pole, both on day and night sides. 
The effect of the cold collar is then present indeed on both sides of the planet, illuminated and shaded, 
although the effect of contrast in the day side prevents us from seeing it directly at first sight on the map. 
 
As we are now looking at an average value, it is not possible to study the vortex dynamics (at least at this 
level of analysis) but we can yet observe that the center of rotation of the vortex seems to be well fixed at 
the south pole, without any particular shape. It is also interesting to see that the scattered light coming 
from the dayside of the planet seems to get further into the night side at these higher latitudes. Although 
this could simply be a visual effect due to the vortex radiated emission, this could also be a consequence 
of the lower altitude of the cloud tops near the pole caused by the down-welling of the vortex. 
 
Nigh side analysis: 
 
The temperature brightness observed in the night side (see Figure 104) has less variations than in the 
dayside, with an average value between 220 and 230 degrees kelvin, and without any dependence of the 
incidence angle (see Figure 107), as it would have been expected. There are however two regions which 
can be easily identified and have particular interest for the understanding of the atmosphere morphology: 
the so-called “cold collar”, and the mid latitude region, which both have a specific profile with variation 
along the local time.  
 
The cold collar region is located between -60º and -75º latitude, and has a brightness temperature lower 
than the surroundings (Figure 104), starting at 227 kelvin in the “late evening” side (19h or -5h) and down 
to 220 kelvin in the “early morning” side (5h), as shown in Figure 106 (see profile for latitude -60º). The 
lower temperature values measured in this area are caused by the thick clouds localized around the polar 
vortex, where the CO2 particles are bigger and the temperature radiation from the lower layers gets highly 
absorbed by the clouds, therefore not getting to the high altitudes [Piccioni et al 2007]. 
 
The mid latitude region is centered between -30º and -55º degrees latitude (see Figure 104), and has 
temperature values a bit higher than the surroundings, starting at 231 in the “late evening” and down to 
227 in the “early morning” as shown in Figure 106 (see profile for latitude -40º). These higher values 
between -30º and -55 degrees are due to the low opacity clouds localized in this region [Carlson et al 
1993], where the thermal radiation coming from the surface easily reaches higher altitudes in the 
atmosphere, making the brightness temperature higher as well.  
 
In general for both the cold collar and the mid latitude regions, we can see that the temperatures measured 
in the evening “cool down” when going towards the morning. This trend is easily explained by the 
atmospheric super-rotation and the relaxation of the atmosphere by radiative cooling during rotation. 
 
Looking at the low latitudes (0º and 20º latitude in Figure 104 and Figure 106), we can once more observe 
the effect of the thick equatorial clouds previously mentioned for the day side, as also in this case the 
thermal brightness values are much lower in the equatorial region. This is explained once again due to the 
thermal radiation coming from the deeper layers getting absorbed by the thick equatorial clouds. 
However, although the average low value at the equator is very well understood, there is an unexpected 
local time profile at these latitudes, as it seems that the thermal brightness temperatures are higher for the 
anti-solar point (221 kelvin at Latitude=0º and Local Time=0h) than for the morning and evening hours, 
especially close to the terminators, where there seems to be a much lower value (216 kelvin at Latitude 0º 
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and Local Time -5.5h; 217 kelvin at Latitude 0º and Local time 5.5h). Although we cannot exclude that 
this is an artefact caused by the lower observation coverage at the terminators (see Section 6.4.1.1, Figure 
94), the higher temperatures at the anti-solar point could be explained by the effect of the strong down-
welling present in this same region at higher altitudes. As it was suggested in [Piccioni et al, 2009], 
elevated temperatures seem somehow to be correlated to areas of intense down-welling and strong 
nightglow emissions. Indeed, the upwelling processes are thought to be involved in the expansion cooling 
of the atmosphere, therefore the absence of upwelling in the area of the anti-solar point would cause less 
cooling and therefore slightly higher temperatures, as we observe in our results. Another interesting 
feature observed at this latitudes are the minimum temperatures observed at the equator close to the 
terminators around (-5h, +5h) which could well be explained by thermal tides. This sort of localized 
planetary waves have been observed at higher latitudes by [Grassi et al., 2010] and [Zasova et al., 2007], 
and are consistent with the ones observed here at lower latitudes. 
 
Terminator analysis: 
 
We can also find interesting features by analysing in detail the temperature brightness along the 
terminators, that is, the latitude variations along Local Time=6h (dawn) and Local Time=18h (dusk), as 
done in the Figure 109. Looking at the high latitudes in the polar region, we can observe that the thermal 
brightness is very high (245 kelvin), caused by the presence of the polar vortex [Piccioni et al 2007]. As it 
was expected, the values decrease when we get down to the cold collar region around latitudes [-75º,-
60º]. It is interesting to note that the profile of the temperature at high latitudes is very similar for both the 
morning (6h) and evening (18h) terminators, however, regarding the cold collar region, we can see that 
the values get much lower in the morning than in the evening side, which is due to the atmosphere super-
rotation and radiative cooling as previously explained. This makes the cold collar in the morning side not 
only colder but also a bit wider in latitude extension. This is easily visible in Figure 109, where the cold 
collar covers latitudes [-75,-65] in the evening and [-77,-60] in the morning. 
 

 
Figure 109. Thermal Brightness profiles for each of the terminators, and dependence with latitude. 

The main latitude regions are approximately divided with dashed lines: high latitudes (polar 
region), cold collar, mid latitudes and low latitudes (equatorial region) 
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Again in Figure 109, it is noticeable to see that opposite to what could be expected, the values at mid 
latitudes are higher in the morning than in the evening terminator, which is in principle contrary to the 
“rotation cooling” tendency observed before on Figure 106. A possible explanation could be that although 
the atmosphere does “cool down” as it rotates around the planet, getting down to colder values in the 
early morning (LT 5h), it “heats up” very quickly as it gets close to the morning terminator, faster than 
the cooling on the evening side. We can appreciate this also if we study in detail the Figure 106, looking 
at latitude -40º, where the temperature decreases slowly when going from the day to the night side (down 
from 259 kelvin at LT -7h to 231 kelvin at LT -5h), but heats up in a faster way when getting back to the 
day side again (up from 227 kelvin at LT +5h to 265 kelvin at LT +7h). The relative temperature 
variations in these two hours before and after both terminators, show that the morning “heating” is 7~10 
kelvin higher (or faster) than the evening “cooling”. In any case, we have to be careful when making 
assumptions on these local behaviours near the terminator, as we should also take into account the global 
temperature profiles and the effect of the atmosphere rotation and properties of the gases. Indeed, we can 
also observe that the temperature at -7h is already colder than at +7h, thus the atmosphere seems to have 
lost most of its heat. This is in agreement with the known behaviour of CO2, which from the laboratory 
measurements and models seems to cool down faster than it heats up. In summary, we show that the 
analysis of the terminators is very interesting and can give lots of information about the behaviour of the 
atmosphere at these boundary conditions, although further analysis is needed to reach the appropriate 
conclusions. 
 
As a conclusion of Figure 109, looking at the low latitudes we can appreciate an increasing profile when 
getting closer to the equator, with values going from an average of 235 kelvin at -30 degrees latitude, to 
240 kelvin near the equator. This behaviour can be explained by the scattered radiation coming from the 
dayside of the planet, which is stronger at low latitudes. Unfortunately we also see that the profile 
becomes very irregular at this low latitudes, caused by the lower number of observations in that area, so 
we cannot make further assumptions on the profile at these low latitudes. In particular, the low emission 
at equator discussed in the previous sections cannot be studied here due to the lack of coverage. 
 

6.4.2.2. Thermal Brightness at ~5 μm 

 
This section will show the results obtained from the processing of the average values of the Thermal 
Brightness in the infrared thermic bands around 5 µm and the interpretation of the final products. Here 
some details of the parameters used for the calculations:  
 
- Input bands: 421-431* [5.01μm-5.10μm] (+/-10nm) 
      *Even bands are ignored to avoid odd-even effect [Cardesín Moinelo et al, 2009] 
- Each band is first converted to Thermal Brightness and then averaged 
- Filtered out data with emission angle above 80º to avoid limb measurements 
- No emission angle correction is performed for this wavelength 
- 2300 images used, with exposure time less than 2 seconds to avoid saturation 
- Only VIRTIS-M-IR data has been used 
 
The first results are presented here in a typical orthographic map projection of the southern hemisphere of 
Venus, centered on the south pole, with Local Time increasing counter-clockwise. The upper part of the 
image is the anti-solar point or midnight (LT=0h), while the lower part of the image is the sub-solar point 
or noon (LT=12h). 
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Figure 110. Map of Thermal Brightness at 5 μm, shown in an orthographic projection of the Venus 
southern hemisphere, centered at the south pole, distributed along Latitude and Local Time 
(increasing counter-clockwise). The upper part of the image is the anti-solar point or midnight 
(LT=0h), while the lower part of the image is the sub-solar point or noon (LT=12h). 

 
Very similar to the one already discussed for 3.8 μm (see Section 6.4.2.1 above), the map shown in Figure 
104 gives a clear impression of the overall brightness temperature and the dependence with the sun 
illumination, in particular with the two very distinguished regions: dayside (bottom half of the image) and 
night side (top half of the image). Only the southern hemisphere is shown as it is the part of the planet 
with higher coverage of observations. A similar map of the northern hemisphere is also possible and it 
shows a similar trend, although it contains a lot of artefacts and gaps due to the lack of coverage. 
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Figure 111. Map of Thermal Brightness at 5 μm, shown in a Hammer-Aitoff projection of Venus, 
distributed along Latitude (north up, south down) and Local Time (increasing right to left) and 
centered at the sub-solar point (Noon, Local Time=12h). 
 
In order to perform a comparison of the brightness temperature values at all latitudes and local times, and 
the global trend in the whole planet, a Hammer/Aitoff projection is given in Figure 111. This map can be 
easily compared with the coverage map shown in Section 6.4.1.1, Figure 95. As one can easily interpret, 
the abnormal thermal brightness variations in northern hemisphere of the planet are simply due to the 
very low number of observations performed in those regions, were even some gaps are visible. In 
principle the northern and southern hemisphere are expected to contain similar equivalent values, and if 
we ignore the effect of the coverage, we can observe that the values are indeed highly symmetrical with 
respect to the equator. The big “colder” spot found in the center of the image in the northern hemisphere 
near the equator (Latitude: 0º-30º, Local Time: 11h-13h) is not expected and it is certainly due to an 
artefact of the bad coverage so it should not be taken into account for the analysis. 
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Figure 112. Profiles of Thermal brightness at 5 μm measured at different latitudes in the southern 
hemisphere, plotted with respect to Local Time (midnight in the center). 
 
In order to allow a more detailed analysis on the low scale variations of the thermal brightness values, we 
have also shown a plot of the profiles at certain latitudes and their variation with local time, in Figure 106. 
Only latitudes in the southern hemisphere are used here so as to avoid the problems of low coverage of 
the northern hemisphere. 
 
 
Day side analysis: 
 
In a first approximated analysis of the maps and plots, we can simply observe that the dayside of the 
planet has a maximum temperature brightness of 271 kelvin near noon (Local Time=12h) and decreases 
almost uniformly with the incidence angle as it would be expected, down to the terminator area where the 
values are around 225-235 kelvin. In principle this dependence with the incidence angle could be easily 
approximated with a polynomial or trigonometric function (derived from cosine law), although this has 
not yet been done and is left for future research (see Figure 113). 
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Figure 113. Scatter plot of the Thermal Brightness at 5 µm with respect to the Incidence Angle 
(Solar Zenith Angle). Sub-solar point is on the left (IA=0), anti-solar point is on the right (IA=180). 
Terminator is in the middle (IA=90). The higher emission of the polar vortex is visible around the 
terminator. 
 
As it happened for the analysis at 3.8 µm, when looking more into the detail we can observe that the 
values exactly at the sub-solar point (IA=0º, Latitude 0º) are not the maximum temperatures as one could 
expect simply by the illumination conditions. Indeed when we study carefully the plots of Figure 112 we 
can see that values near the equator (Latitude 0º) are always in general a couple of degrees less than the 
values at slightly higher latitudes (e.g. Latitude 20º or 40º). This can also be slightly appreciated in the 
map projection on Figure 110. As was discussed in previous sections, these lower values at the equator 
are in principle not explained by the normal dependence with incidence angle. Although we cannot 
exclude that this effect might be due to the low coverage near the equator (see again Section 6.4.1.1, 
Figure 95) or even to the effect of the emission angle, the low values at these low latitudes could also be 
explained simply by the actual atmosphere structure, as discussed for the analysis at 3.8 µm (see Section 
6.4.2.1 above). The clouds tend to be thicker in the equatorial region [Carlson et al, 1993], which would 
cause slightly lower temperature values at low latitudes, not only in the night side, but also in the day side 
of the planet, as we can see both on Figure 105 and Figure 106. 
 
In addition to what we have just mentioned, there are some other minor variations observed in the local 
time profiles of the dayside, although they are possibly caused simply by instrumental effects not 
corrected by the processing. For example, we can easily see that there is a small shift towards the morning 
side in the dayside values at low latitudes (see Figure 110). We indeed observe around -20º latitude (see 
plot on Figure 112) that the temperature at LT+9h is 267 kelvin, a bit higher than at LT-9h, where the 
value is 264 kelvin. This difference of 3 kelvin could be explained by the quick cooling of the CO2 in the 
afternoon hours (laboratory measurements show that CO2 cools down very fast), but we cannot make 
such an assumption unless we clarify and exclude the possibility of some instrumental effects not 
corrected in the current processing pipeline, in particular some flat field in the Instrument Transfer 
Function (ITF), which has already been observed in some of the measurements. Further development is 
being done in order to remove these effects, but for the moment we can ignore these anomalous features, 

Polar 
Vortex 
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especially the ones present at low latitudes or in the northern hemisphere, as the observation coverage 
decreases and the uncertainty in the average value gets much bigger.  
 
 
Polar region analysis: 
 
The polar region, with latitudes over -70º latitude, is again dominated by the presence of the Southern 
Polar Vortex. As explained in previous sections, this structure is the center of a vast vortex that rotates 
around the pole, and possibly associated with rapid down-welling of the cold atmosphere molecules 
coming from the cold collar region [Piccioni et al 2007]. 
 
The analysis of the mean map (in Figure 110) shows that the thermal brightness values vary very much 
with the latitude on both the night and day side. This is visible in the local time profile at latitude -80º on 
Figure 112, where the brightness temperature values go from the about ~235 kelvin close to the boundary 
of the cold collar, to ~244 kelvin at the center of south pole, and then staying quite stable towards the 
dayside of the planet. This shows again that the polar vortex is very well centered at the south pole, but 
there is no longer an anti-symmetry with of the temperature values for the day and night side. Indeed we 
can see that the temperature around the pole (-85º latitude) is always colder than at the center of the 
vortex. In this case we can then see that the effect of the scattered radiation is less than before, so we can 
visually identify the polar vortex. 
 
As we are now looking at an average value, it is not possible to study the vortex dynamics (at least at this 
level of analysis) but we can yet observe that the center of rotation of the vortex seems to be well fixed at 
the south pole, without any particular shape, other than circular. If we ignore the effect of the scattered 
radiation, we can consider that the temperature profile is very much related to the altitude, hotter as we 
get deep into atmosphere, so we can correlate the measured atmosphere temperature to the altitude of the 
clouds. In order to do this properly, we would need further analysis with radiative transfer methods, 
which is out of the scope of this work, although we can show here a 3-dimensional representation to give 
an idea of the averaged altitude of the atmosphere in the night side, and in particular the “hole” at the 
vortex, where the down-welling pushes the atmosphere molecules to the lower and hotter levels. 
 

 
Figure 114. Thermal brightness at 5µm in the night side of the southern hemisphere, presented as 
an inverted 3-D visualization, which gives an impression of the atmosphere altitude. The top of the 
clouds is at an altitude of 60km and a temperature of ~225 kelvin. The vortex is hotter up to ~245 
kelvin, and is deeper in the atmosphere, getting down to 40~50km. 
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Night side analysis: 
 
The temperature brightness observed in the night side (see again Figure 110) has less variations than in 
the dayside, with an average value between 220 and 235 degrees kelvin, and without any dependence of 
the incidence angle (see Figure 113) except for the polar region, as it would have been expected. 
However, as discussed for the analysis at 3.8 µm (see Section 6.4.2.1 above) there are two regions which 
can be easily identified and have particular interest for the understanding of the atmosphere morphology: 
the “cold collar”, and the mid latitude region, which both have a specific profile with variation along the 
local time.  
 
As previously mentioned, the cold collar region is located between -60º and -75º latitude (see Figure 110), 
and has a brightness temperature lower than the surroundings, as shown in Figure 112 (see profile for 
latitude -60º) starting at 231 kelvin in the “late evening” side (19h or -5h) and down to 225 kelvin in the 
“early morning” side (5h). Equivalent to the effect at 3.8 µm, the lower temperature values measured in 
this area are caused by the thick clouds localized around the polar vortex, where the CO2 particles are 
bigger and the temperature radiation from the lower layers gets highly absorbed by the clouds, therefore 
not getting to the high altitudes [Piccioni et al 2007]. 
 
The mid latitude region is centered between -30º and -55º degrees latitude (see Figure 110), and has 
temperature values a bit higher than the surroundings, as shown in Figure 112 (see profile for latitude -
40º) starting at 232 in the “late evening” and down to 229 in the “early morning”. These higher values 
between -30º and -55 degrees are equivalent to the ones observed at 3.8 µm, and are due to the low 
opacity clouds localized in this region [Carlson et al 1993], where the thermal radiation coming from the 
surface easily reaches higher altitudes in the atmosphere, making the brightness temperature higher as 
well.  
 
In general for both the cold collar and the mid latitude regions, we can see that the temperatures measured 
in the evening “cool down” when going towards the morning. This trend is easily explained again by the 
atmospheric super-rotation and the relaxation of the atmosphere by radiative cooling during rotation. 
 
Looking at the low latitudes (0º and 20º latitude in Figure 110 and Figure 112), we can once more observe 
the effect of the thick equatorial clouds previously mentioned for the day side, as also in this case the 
thermal brightness values are much lower. This is explained once again due to the thermal radiation 
coming from the deeper layers getting absorbed by the thick equatorial clouds. However, although the 
average low value at the equator is very well understood, there are many irregularities in the local time 
variation that we can only explain by the effect of the low number of observations in this region, which 
cause too much uncertainty. We could maybe see an increase of thermal brightness near the anti-solar 
point, especially at Latitude -20º, which would be similar to the one observed in the map at 3.8 µm (see 
above), however the uncertainty in this measurements is much higher and the irregularities are more 
evident, so we cannot we cannot make any further assumptions at these low latitudes. Once again, we can 
also observe the minimums at the equator close to the terminators (-5h, +5h) which could be explained by 
thermal tides, [Grassi, 2009] [Zasova, 2007]. 
 
 
Terminator analysis: 
 
As we did for the map at 3.8 µm, we can also find interesting features by analysing in detail the 
temperature brightness along the terminators, that is, the latitude variations along Local Time=6h (dawn) 
and Local Time=18h (dusk), as shown in Figure 115. Looking at the high latitudes in the polar region, we 
can observe that the thermal brightness is very high (243 kelvin), caused by the presence of the polar 
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vortex [Piccioni et al 2007]. As it was expected, the values decrease when we get down to the cold collar 
region around latitudes [-75º,-60º]. It is interesting to note again that the profile of the temperature at high 
latitudes is very similar for both the morning (6h) and evening (18h) terminators, however, regarding the 
cold collar region, we can see that the values get much lower in the morning than in the evening side, 
which is due to the atmosphere super-rotation and radiative cooling as previously explained. This makes 
the cold collar in the morning side not only colder but also a bit wider in latitude extension. Although the 
temperature profiles are very smooth in this case, we can easily identify it in Figure 109, where the cold 
collar covers approximately latitudes [-75,-65] in the dusk terminator and approximately [-78,-60] (or 
even more) in the dawn one. 
 

 
Figure 115. Thermal Brightness profiles for each of the terminators, and dependence with latitude. 

The main latitude regions are approximately divided with dashed lines: high latitudes (polar 
region), cold collar, mid latitudes and low latitudes (equatorial region) 

 
Again as in Figure 109, we can see that the values at mid latitudes are higher in the evening than in 
morning terminator, as it would be expected by the “rotation cooling” tendency mentioned before on 
Figure 110. Note that this was not the case in the profile at 3.8 µm (see Figure 109). 
 
As a conclusion of Figure 109, we can look at the low latitudes where we can appreciate a decreasing 
profile when getting closer to the equator, with values going from an average of 228 kelvin at -30 degrees 
latitude, to 225-227 kelvin near the equator. Unfortunately, although the decreasing tendency can be 
explained by the thick clouds in the equatorial region, the profile becomes very irregular at these low 
latitudes due to the lower number of observations, so we cannot make further assumptions on the profile 
near the equator. 
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6.4.2.3. Comparison of maps at 3.8 μm and 5 μm 

 
We have analysed the mean values of the thermal brightness at both thermal bands and we have observed 
more or less the same features with very minor differences, which we will try to explain here in detail. A 
quick way to identify the different features measured by each of the bands is the scatter plot, which 
displays the values of each band with respect to the other and their approximate relationship. If both 
bands were fully correlated, we would see one single dependency profile. For example, for two 
proportional bands we would simply see a linear profile. 
 

 
Figure 116. 2-D Scatter plot of the thermal brightness values at 3.8um and 5um, showing the 

correlation of the two bands. 
 
As we can show in Figure 116, the correlation between both bands cannot be explained with a simple 
linear or polynomial approximation. There seems to be at least two important components, which we can 
identify as the different behaviour in the night and the day side of the planet. Both components could in 
principle be approximated individually by one linear interpolation, which are shown in the plot as two 
dashed lines. In addition to this we can observe that the linear interpolations are parallel, meaning that the 
relative behaviour of the bands is always the same, but with a different offset, which is completely absent 
in the night side, appears in the terminator and stays constant for all the illuminated side of the planet. The 
study of this plot shows indeed the reason of the different contrast of the images at both bands, which is 
indeed the different behaviour with respect to the sun illumination. While in the night side of the planet 
both bands measure the thermal radiation coming from the inner layers of the atmosphere, in the day side 
of the planet, the bands measure both the atmosphere temperature and the solar contribution.  
 
The solar irradiation follows the Planck curve for a black body of 5800K (Sun surface average 
temperature) which has a peak of emission around 500nm and decreases with wavelength in the infrared 
range.  
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Figure 117. Spectrum of the Solar Irradiance as seen from the Earth, which follows Planck’s law 
for a black body at 5800 kelvin (Sun average temperature). We can see that the sun irradiation is 

indeed higher for 3.8µm than for 5µm. 
 
This initial contribution of the solar radiation could by itself explain the differences at 3.8µm and at 5µm, 
but it is not the only cause. Indeed we also have to take into account the influence of the scattering, which 
is highly dependent on the wavelengths. Although the scattering behaviour in the atmosphere is very 
complex, it is dominated Rayleigh scattering which follows the equation: 
 

 
where: 

Io is the input radiance 
I  is the scattered radiance 
α is the molecular polarizability 
R is the distance of the observer 
θ is the phase angle 

 
As we can see here, the scattered radiation is proportional to λ-4, therefore favouring very much shorter 
wavelengths.  
 
In summary, the higher contribution of the scattered solar illumination at shorter wavelengths is the cause 
of the offset observed in the scatter plot and is the main cause of the different behaviour with the 
illumination conditions. This is also visible comparing the dependence of the measured brightness 
temperatures with respect to the incidence angle on Figure 118, where we can again observe that the 
profiles are very similar, although with a different behaviour for the dayside. For the profile at 5µm, the 
higher emission values of the vortex are visible over the scattered light from the day side, whereas in the 
case of the 3.8µm band, the vortex emission is almost “covered” or “hidden” by the effect of the scattered 
light. 

3.8μm 5μm 
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Figure 118. Comparison of Thermal Brightness profiles for both wavelengths, and dependence with 

respect to the Incidence Angle (IA). 
 
This effect of the scattered light, being more important for 3.8 µm than for 5 µm would also explain the 
different behaviours of the temperature profiles along the terminators previously discussed. While the 
terminator profile for 5µm is following the expected trend (Figure 115), the profile at 3.8 µm is very 
much affected by the scattered light, especially at mid and low latitudes (Figure 109). 

Polar 
Vortex 
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6.4.3. Dayside and Nightside Non-LTE Emissions 
 
This section shows how the global mapping with accumulated projections is useful to study non Local 
Thermo-dynamical Equilibrium (hereafter called simply non-LTE) emissions in the day and night side of 
the planet. The study is performed at two different wavelengths, which represent two different faces of 
the oxygen life cycle and global circulation on Venus, displayed again here with respect to Latitude and 
Local Time. 
 
The first analysis is done in the emission rate of Oxygen Airglow at 1.27μm, caused by the recombination 
of oxygen atoms in the nightside of the planet, centered at the anti-solar point (midnight). A second 
analysis is done on the non-LTE emission of CO2 molecules at 4.3μm in the dayside of the planet, 
centered on the sub-solar point (noon). 
 

6.4.3.1. Non-LTE Emission at 1.27μm in the nightside: Oxygen airglow 

On Venus’ night side, molecular oxygen (O2) is believed to be produced primarily via the following 
reaction, where atomic oxygen is re-combined into molecular oxygen in a electronically excited state 
(O2

*), which then decays into molecular stable oxygen (O2): 
 

 
      2O + M              →             O2

* + M            →            O2 + M + hυ 
  (atomic oxygen)                     (excited oxygen)                (stable oxygen+emission) 
 

 
Oxygen nightglow results from O2 radiatively decaying from the electronically excited O2

* state to the 
ground electronic state, always in the presence of the M molecule, which can be either CO2 or NO2 
[Piccioni et al, 2008]. The primary element, atomic oxygen, is produced by photo-dissociation of CO2 in 
the day side of the planet and then transported to the night side via the upper atmospheric circulation 
[Hueso et al, 2008]. The upper atmospheric circulation on Venus is a composite of two patterns: a sub-
solar to anti-solar flow and a retrograde zonal flow. 
 
Intense nightglow emission of the O2 near 1.27 μm, corresponding to the (0-0) electronic transition, was 
first detected on Venus in 1975 [Connes et al, 1979].  Subsequent ground-based observations of the 
airglow emission on the night side (nightglow) have shown that the intensity and spatial distribution are 
highly variable on time scales of hours to days [Crisp et al, 1996, Ohtsuki et al, 2005, Bailey et al, 2008].  
Nadir-looking observations by VIRTIS on Venus Express have provided more detailed snapshots of the 
morphology of the nightglow, and visual tracking of bright features has enabled the estimation of 
apparent motions [Hueso et al, 2008]. Limb observations by VIRTIS of the O2 nightglow [Drossart et al, 
2007b, Gerard et al, 2008] provide a complementary view of the chemistry and dynamics of Venus’ upper 
atmosphere by determining the vertical distribution of the O2 nightglow. 
 
This work shows a systematic study of a large number of limb observations of the O2 nightglow, which 
has already been partially published [Piccioni et al, 2008].  We examine here all observations performed 
by the VIRTIS-M Infrared channel over 880 orbits, covering more than two years of observations, or in 
other words, nearly 4 venusian years. These observations were collected during the period from July 2006 
until August 2008. Our results provide new observational insight into the chemical and dynamical 
processes occurring in Venus’ upper atmosphere and new constraints on chemical transport models. 
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Figure 119. Typical VIRTIS-M-IR spectrum on the night side of Venus, in the range 1.02-1.42μm 

 
All nadir observations were examined in detail in this study. For simplicity here we call “nadir 
observations” all those where the instrument line of sight intercepts the solid body of the planet, in order 
to differentiate from the especial case of the limb observations, which are not considered in this work. All 
observations used for this work have exposure times of 0.1 to 18 seconds, since the emission band at 1.27 
μm is sufficiently bright to provide enough signal for mapping its geographic distribution with these 
exposure times.  The spatial resolution for the selected nadir observations is typically about 10 km. 
 
The global nadir-view map for nightglow was constructed using all data collected during 880 orbits 
between 14 May 2006 and 14 September 2008 with emergence angle less than 80 deg (0 deg = nadir). 
The spanned period corresponds to about 4 Venusian years. Here the complete list of configuration 
parameters used for the study:  
 
- Input bands considered for the airglow emission: 23-30 [1.23μm-1.30μm] (+/-10nm) 
- An integrated average of the extreme bands 23 and 30 is used for continuum subtraction 
- Input bands considered for the thermal emission: 14-21 [1.14μm-1.21μm] (+/-10nm) 
- An integrated average of the extreme bands 14 and 21 is used for continuum subtraction 
- Thermal band is subtracted from the airglow emission band using a I(1.27)/I(1.18) ratio of 0.3 
- Filtered out data with emission angle above 80º to avoid limb measurements 
- Data is corrected for emission angle and backscattering 
- Data is converted from radiance into emission rate in Mega Rayleigh units 
- Minimum Incidence angle considered is 100º, in order to avoid day side and terminator area. 
- ~3000 observations used, with exposure time longer than 0.1 seconds to avoid noisy images 
- Only VIRTIS-M-IR data has been used 
 
Data correction and separation of thermal emission: 
 
Nightside infrared spectra of Venus contain nightglow emission from multiple species and thermal 
emission, which originates in the lower atmosphere. In the spectral regions where absorption by CO2 is 
small, the thermal emission can be observed through Venus’ atmosphere after having undergone multiple 
scattering within Venus’ cloud layers.  One window in the CO2 absorption spectrum lies near 1.27 µm, so 
emission coming from below 20 km altitude overlaps spectrally with the oxygen nightglow emission.  

1.27μm 

VIRTIS IR Nightside Spectrum (detail) 
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Although the peak of the nightglow emission occurs at a shorter wavelength than the maximum of the 
thermal emission, it is not possible to spectrally resolve and quantitatively separate the two sources with 
VIRTIS-M's spectral resolution. However, another spectral window at 1.18 µm provide information on 
the thermal emission from the lower atmosphere that may be used to assess the contribution of thermal 
emission to the observed 1.27 µm radiance and to empirically remove the thermal emission contribution 
when significant. The nightside radiance at 1.18 µm originates from the surface and the lowest 20 km of 
the atmosphere [Meadows and Crisp, 1996]. Given existing uncertainties in the CO2 spectrum near 1.27 
µm, an empirical approach for removing the thermal emission contribution at 1.27 µm is probably as 
accurate as more detailed radiative transfer calculations. 
 
In nadir mode observations, the thermal emission cannot be neglected so it must be removed from the 
observed radiance to quantify the oxygen nightglow emission. To quantitatively remove the thermal 
contribution at 1.27 µm, we have scaled the 1.18 µm radiance by an empirical factor from 0.27 to 0.38 
[Piccioni et al, 2008], which appears to be very consistent with the radiative transfer simulations. 
Variations in the scaling factor across the disk are due mostly to topography but there is a weak 
dependence on cloud structure, therefore we have assumed for this work a fixed ratio of 0.3, which seems 
to work quite well in most cases and produces an acceptable result. 
 
The radiance values measured in nadir observations are also corrected for emission angle and cloud 
backscattering using the method described by [Crisp et al., 1996] which is simply expressed in the 
following formula, where R is the radiance and EM is the Emission Angle (also named Emergence Angle 
in other sections of the document): 
 

 
Rcorrected = R x cos(EM) / (1 + 2 x 0.875 x cos(EM) ) 

 
 
Global map: 
 
The final result of the process is shown on Figure 120, displayed on a typical orthographic projection of 
the nightside of the planet, distributed along latitude and local time, with the anti-solar point more or less 
near the center of the image. 
 



PhD Thesis, CISAS, Università di Padova                                                        Alejandro Cardesín Moinelo  
 

153 

 
Figure 120. Map of Oxygen Airglow Emission Rate at 1.27μm, shown in an orthographic projection 
of the Venus nightside hemisphere, distributed along Latitude (north up, south down) and Local 
Time (increasing counter-clockwise, right to left). The projection is slightly tilted for a perspective 
view, centered around -15º latitude, very close to the anti-solar point or midnight (LT=0h). 
 
It is very interesting to observe in this image that the highest emission rate is situated exactly around the 
anti-solar point as it would be expected from the global circulation model shown on Figure 121 [Hueso et 
al, 2008]. 
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Figure 121.  Diagram of the Oxygen life-cycle and circulation from the sub-solar point (left) to the 
anti-solar point (right), as seen from Venus South Pole. 
 
At high altitudes in the atmosphere, on the day-side, the strong flux of ultraviolet radiation coming from 
the Sun breaks the molecules of carbon dioxide (CO2) present in large quantities in the atmosphere, 
liberating oxygen atoms. These atoms are then transported by the so-called sub-solar and anti-solar 
atmospheric circulation towards the night side of the planet. Here the atoms migrate from the high 
atmosphere to a lower layer, called the mesosphere, where they recombine into oxygen (O2). By doing 
this, they emit light at specific wavelengths, with the strongest emission in the infrared band of 1.27um. 
 
Although the dynamics of the airglow emission is very complex, we can see from the global averaged 
map that it is very symmetrical and centered in the anti-solar point, which means that the airglow 
emission does not seem to be influenced by the atmospheric superrotation.  
 
We can now look at the detail of the results, by studying the local time profiles for some fixed latitudes 
(see Figure 122), and we can observe again that the maximum of the emission rate is indeed at the anti-
solar point, that is at Latitude 0º, Local Time 0h.  
 



PhD Thesis, CISAS, Università di Padova                                                        Alejandro Cardesín Moinelo  
 

155 

 
Figure 122. Profiles of Emission Rate at 1.27μm measured at different latitudes in the night-side of 

the planet, plotted with respect to Local Time (midnight in the center). 
 
There is in general a very good symmetry with respect to the sub-solar point, with some small variations 
in the profiles when moving away from the anti-solar point. Note that the profile at Latitude -80º is 
incomplete as the global map is restricted to incidence angles greater than 100º, in order to avoid scattered 
radiation coming from the dayside. Looking at the profiles at other latitudes we can observe the general 
trend of the emission rate decreasing when we get further from the equator, that is, further from the anti-
solar point. This is even more evident if we plot the dependence of the emission rate with respect to the 
incidence angle, as shown on Figure 123. 
 
It is also interesting to note the symmetry in the variations at low latitudes (0º and 20º), which were not 
visible in the global map, and could be an indication of thermal tides or localized waves in the atmosphere 
at these altitudes. This has been already studied at other altitude ranges and different latitudes by several 
studies [Grassi et al., 2009][Zasova et al., 2007], and it would be worth doing some further analysis on 
this variations, although as usual for this small scales, we cannot exclude instrumental effects not 
corrected by the pipeline. The profiles at -40º and -60º seem to be slightly biased towards the evening 
side, which could be a consequence of the global circulation effects, as there may be more oxygen atoms 
coming from the dayside, thus causing more recombination than on the morning side. 

Morning Evening 
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Figure 123. Scatter plot showing dependence of the emission rate with respect to Incidence Angle. 
 
We can observe here that the emission rate follows a well defined curve with respect to the incidence 
angle, increasing as we get closer to the anti-solar point at IA 180º. This tendency could be approximated 
by a trigonometric or polynomial function in order to model the emission rate, although this is left for 
future research. Although there are some minor variations at low incidence angles, these are probably due 
to the higher uncertainty of values in the north side of the planet where the coverage is much lower (see 
Section 6.4.1.1, Figure 96). 
 

6.4.3.2. Non-LTE Emission at 4.3um in the dayside: CO2 fluorescence + Solar Scattering 

 
The radiation measured at 4.3um is mainly attributed to CO2 fluorescence due to absorption of solar 
radiation in the upper layers of the atmosphere [Gilli et al. 2009]. This is particularly evident for limb 
observations, although it can also be observed in Nadir-like geometry, where it is usually mixed with the 
solar scattering on the cloud tops.  
 
Note that some recent studies have detected differences in the shape of the spectrum for VIRTIS-M-IR 
and VIRTIS-H, where –H seems to be in agreement with the modelling while M-IR has an unknown 
behaviour. This might give errors in the analysis of VIRTIS-M data at these wavelengths and thus the 
data given here must be analysed carefully knowing that there might be unknown effects contributing to 
the final radiance measured. In any case we have tried here to give a first approximation to show the 
potential capabilities of the method. Better results will be obtained once the radiometric calibration is 
improved. 
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Figure 124. Typical VIRTIS-M-IR spectra on the day-side of Venus, in the range 4-5μm. The first 
plot (above) shows the difference between the solar contribution observed at pure Nadir and the 
pure non-LTE emission seen at the Limb. The second plot (below) shows the variations in non-LTE 
emission throughout different positions on a typical observation covering both limb and nadir. 
 
In this work we have done a first attempt to show the local distribution of the non-LTE with respect to 
latitude and local time from nadir measurements. Although it is not easy to separate the non-LTE 
emission from the scattered illumination on the day-side, we have tried to get a first estimation of the 
averaged day-glow emission, which complements the study of the night-glow previously discussed. 
 
All nadir observations were examined in detail in this study. For simplicity here we call “nadir 
observations” all those where the instrument line of sight intercepts the solid body of the planet, in order 
to differentiate from the especial case of the limb observations, which are not considered in this work. All 
observations used for this work have exposure times of 0.02s to 0.36s, since the emission band at 4.3μm 
saturates at longer exposure times due to the instrument dark current which goes over the allowed range. 
The global nadir-view map for day-glow was constructed using all data collected during 880 orbits 
between 14 May 2006 and 14 September 2008 with emergence angle less than 80 deg (0 deg = nadir). 

4.3μm band 

VIRTIS IR Dayside Spectrum (detail) 

Limb 

Nadir 

4.3μm band 
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The spanned period corresponds to about 4 Venusian years. Here the complete list of configuration 
parameters used for the study:  
 
- Input bands considered for the non-LTE emission: 331-360 [4.16μm-4.44μm] (+/-10nm) 
- An integrated average of the extreme bands 331-332-333 and 358-359-360 is used for continuum 

subtraction 
- Filtered out data with emission angle above 80º to avoid limb measurements 
- Data is not corrected for emission angle 
- ~1700 observations used, with exposure time shorter than 2 seconds to avoid saturated images 
- Only VIRTIS-M-IR data has been used 
 
 

 
Figure 125. Map of Non-LTE Emission at 4.3μm, shown in an orthographic projection of the Venus 
dayside hemisphere, distributed along Latitude (north up, south down) and Local Time (increasing 
counter-clockwise, right to left). The projection is slightly tilted for a perspective view, centered 
around -15º latitude, very close to the sub-solar point or noon (LT=12h). 
 
As a first quick look, the radiance seems to be increasing towards the sub-solar point, were the sun 
illumination is higher. This indeed in agreement with the expected models, however there seems to be a 
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small shift in the maximum value, which is centered around +11h, while it would be expected at +12h. 
There might be some physical justifications to this behaviour, for example the scattering properties of the 
aerosols, as the particle distribution could be non uniform and non symmetric in local time as has been 
observed on Mars [Coradini et al, 2009]. However, very important flat field effects have been observed at 
these wavelengths, which show high dependency with the observation geometry, and therefore we will 
not make any assumptions on this data until further analysis is done. Further investigations on the 
radiometric calibration and flat-field corrections are now ongoing and shall give better estimations of the 
actual distribution of the emission on the dayside. 
 

6.4.4. Atmospheric windows at 1.74 μm and 2.3μm (local time distribution) 

 
Figure 126. Typical VIRTIS-M-IR spectrum on the night side of Venus, in the range 1-5 μm 

 
The thermal radiation near 1.74 and 2.3 μm mainly originates below the cloud layers. Indeed radiative 
transfer models indicate that the radiation at these bands originates about 10–20 and 20–30 km above the 
surface, respectively. The morphologic structures observed at these wavelengths are produced as the 
thermal radiation from the lower layers goes up through the cloud layer and is attenuated by clouds with 
differing optical depths. Therefore the features observed at these wavelengths show mainly the spatial 
variations in the opacity of the clouds, thus showing the morphology of the cloud layer, at 40-50 km 
altitude. Also in the very cloudy regions there are occasionally ‘holes’ where it is possible to probe very 
deeply, especially at the wavelength of 1.74 mm. 
 
It was found earlier from Venera 15 infrared spectrometry that sulphuric acid is the main component of 
the clouds in the north-polar region. The circular features falling in the region of the cold collar (60º-70º 
degrees latitude) are probably due to clouds elongated by the strong winds coming from the super-
rotation. The same cloud structures are seen in both spectral regions, with differences in the contrast of 
the features. The reason for the lower signal at 2.3 μm can be attributed to the different number density or 
size of the cloud particles. [Piccioni et al 2007]. There is also a very interesting region at mid-latitudes 
(30-55 degrees) which is typically very bright in radiance, that is, with low opacity clouds [Carlson et al 
1993]. 
 
The following global maps show accumulated projections of the measured radiance coming from the 
night side of the planet, distributed again along Latitude and Local Time (south pole down, north pole 
up). The two figures represent the mean radiances in the windows at 2.3μm and 1.74μm, both showing 
thermal emission coming from the deep atmosphere and modulated by the lower clouds at about 47km 
altitude above the surface. Both maps are well correlated and show the same global features, in particular 

2.3μm 

1.74μm 

VIRTIS IR Nightside Spectrum 
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the increase of radiance at mid-latitudes (north and south). It is also important to note the difference in the 
relative radiance near the poles, due to the different size of the particles in the cold collar. Irregularities 
observed in the northern hemisphere are due to the lower coverage. 
 
Here the complete list of configuration parameters used for the study at 1.74μm: 
 
- Input bands considered for the airglow CO2 window: 71-80 [1.69μm-1.78μm] (+/-10nm) 
- Extreme bands 71,80 are considered for continuum subtraction 
- Filtered out data with emission angle above 80º to avoid limb measurements 
- Data corrected for emission angle using the method proposed in [Carlson et al, 1993]  
- ~3000 observations used, with exposure time longer than 0.1 seconds to avoid noisy images 
- Only VIRTIS-M-IR data has been used 
 

 
Figure 127. Map of average radiance values measured at 1.74μm, shown in an orthographic 
projection of the Venus night side hemisphere, distributed along Latitude (north up, south down) 
and Local Time (increasing counter-clockwise, right to left). The projection is slightly tilted for a 
perspective view, centered around -15º latitude, very close to the anti-solar point or mid-night 
(LT=0/24h). 
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Here the complete list of configuration parameters used for the study at 2.3μm: 
 
- Input bands considered for the CO2 window: 123-158 [2.19μm-2.52μm] (+/-10nm) 
- Extreme bands 121,158 are considered for continuum subtraction 
- Filtered out data with emission angle above 80º to avoid limb measurements 
- Data corrected for emission angle using the method proposed in [Carlson et al, 1993]  
- ~3000 observations used, with exposure time longer than 0.1 seconds to avoid noisy images 
- Only VIRTIS-M-IR data has been used 
 

 
Figure 128. Map of radiance measured at 2.3μm, shown in an orthographic projection of the Venus 
night side hemisphere, distributed along Latitude (north up, south down) and Local Time 
(increasing counter-clockwise, right to left). The projection is slightly tilted for a perspective view, 
centered around -15º latitude, very close to the anti-solar point or mid-night (LT=0/24h). 
 
We cannot see very important differences in the average radiance maps for 1.74 μm and 2.3 μm, except 
for the different relative behaviour near the polar cap, where the radiance at 2.3 μm is relatively lower. 
Both maps show three very well defined regions: cold collar clouds at high latitudes, high radiance at mid 
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latitudes, and equator clouds. Although we cannot get more information looking at each of the 
independent maps, when comparing the profiles for each band we can also get information on the particle 
size of the clouds, as was discussed by [Carlson et al 1993]. 
 

 
Figure 129. Scatter plot showing dependence of the emission rate with respect to Incidence Angle. 

 

    
Figure 130. Classification of families of cloud particle sizes from the scatter plot.  

Three regions: low latitudes, mid latitudes, polar region.  
 
The figures show a rough classification of the different families of particles in the atmosphere, where we 
can see that the three regions have different profiles and thus contain particles of different sizes. Note that 
the asymmetry in the northern and southern hemispheres is only caused by the lower observation 
coverage in the north, which causes some disturbances in the measured radiance which seems to be 
higher. In any case, both northern and southern hemispheres are expected to be symmetric, and any 
difference shown is probably due to a badly corrected emission angle effect. One of the proposals for 
further research is indeed to use these results to try to estimate a better correction method. 
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6.4.5. Atmospheric windows (longitude distribution) 
The following global maps show accumulated projections of the measured radiance coming from the 
night side of the planet, distributed here with respect to Latitude and Longitude (both centered at the 
south pole). 
 
As shown in the previous diagram, both figures represent the atmospheric windows at 2.3μm and 1.74μm. 
Again we can observe the increase of radiance at mid-latitudes, as well as the difference in relative 
radiance near the poles, which is much more evident here. These projections are part of a study any 
potential interaction between the surface and the cloud layer, by identification of any localized 
atmospheric features, which would imply an interaction with the surface (mountains, valleys, volcanoes, 
etc). Further investigations on this subject are ongoing, although for the moment it seems that there is no 
clear evidence of geographically localized features, as it was indeed expected. 
 

 
Figure 131. Map of radiance measured at 1.74μm, shown in an orthographic projection of the 
Venus southern hemisphere, distributed along Latitude (south pole in the center) and Longitude 
(increasing clockwise, prime meridian at the bottom).  
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Figure 132. Map of radiance measured at 2.3μm, shown in an orthographic projection of the Venus 
southern hemisphere, distributed along Latitude (south pole in the center) and Longitude 
(increasing clockwise, prime meridian at the bottom).  
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6.4.6. Limb Measurements 
 
We would like to show here how the same global mapping method can be also used for the analysis of 
limb measurements and vertical profiles. Limb observations by VIRTIS of the O2 nightglow [Drossart et 
al, 2007a, Gerard et al, 2008] provide a complementary view of the chemistry and dynamics of Venus’ 
upper atmosphere by determining the vertical distribution of the O2 nightglow. 

º 

Figure 133. Limb altitude profiles of the O2 (0-0) nightglow at 1.27 μm. The first 3 numbers of the 
curve names are the number of the orbit, while the given range after the orbit number is the 
latitude range where the average was taken. 
 
One can see that the peak altitude emission and its brightness significantly vary from one orbit to the next 
one and even in the same orbit. From this figure, the profile seems wider in altitude at lower latitudes, and 
a double peak is often present with a peak at 96 and 103 km. 
 
 
Here the complete list of configuration parameters used for the study of limb emission at 1.27μm: 
 
- Input bands considered for the airglow emission: 23-30 [1.23μm-1.30μm] (+/-10nm) 
- An integrated average of the extreme bands 23 and 30 is used for continuum subtraction 
- Input bands considered for the thermal emission: 14-21 [1.14μm-1.21μm] (+/-10nm) 
- An integrated average of the extreme bands 14 and 21 is used for continuum subtraction 
- Thermal band is subtracted from the airglow emission band using a I(1.27)/I(1.18) ratio of 0.3 
- Filtered data only with emergence angle greater than 85º to select only limb measurements 
- Filtered limb data with tangent altitude between 90km and 110km, in order to exclude thermal 

emission coming from the cloud tops 
- Filtered limb data with observation distance below 15000km, in order to avoid observations far from 

pericenter which have a lower spatial resolution and could drive to errors. 
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- Data is converted from radiance into emission rate in Mega Rayleigh units 
- ~330 observations used, with exposure time longer than 0.1 seconds to avoid noisy images 
- Only VIRTIS-M-IR data has been used 
 

 

Figure 134. Map of Oxygen Airglow Emission Rate observed at the limb at 1.27μm, shown in an 
orthographic projection of the Venus nightside hemisphere, distributed along Latitude (north up, 
south down) and Local Time (increasing counter-clockwise, right to left). The projection is centered 
at the anti-solar point (LT=0h). 
 
The global map obtained shows the spatial distribution of the nightglow intensity derived from limb 
observations, which seems to be consistent with that found from the previous analysis of nadir 
observations. In general, there is a negative correlation between the intensity of the emission and latitude. 
As was already discussed in the case of the nadir measurements in previous sections, the most intense 
emission is generally observed at low latitudes and within a couple of hours around midnight, so near the 
anti-solar point. 
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6.4.7. Mapping of Venus thermal structure from temperature retrieval methods 
 
From the radiative transfer equation, for a given vertical distribution of optically active species, the 
atmospheric temperature as a function of total opacity is equivalent to atmospheric temperature as a 
function of pressure (or altitude). The retrieval code [Grassi et al, 2008] simulates the spectrum of the 
Venus night side, taking into account both clouds and CO2, on the basis of the radiative transfer equation. 
A relaxation method, based on iterative simulated and observed spectra, is used to determine the 
temperature profile that provides better match with data, as quantified by a Χ2 a test. The total retrieval 
error on air temperature is within 1-2K in the 0.1-100mbar pressure range.  
 

 
Figure 135. A relaxation method, based on iterative simulated and observed spectra (left) is used to 
determine the temperature profile that provides the best match with the data. The total retrieval 
error on air temperature (right) is within 1-2K in the 0.1-100mbar pressure range. 
 
Thermal structure of the Southern hemisphere of Venus, in the altitude range 65-95 km, is presented here. 
Main structures are clearly observed at about 90mbar (65 km height), where the cold collar is observed at 
about 60-75S. The temperature in this region, at 90mbar, is about 20K colder than the temperature in the 
pole. Thermal structure is dominated by the polar vortex above 35mbar, while at lower pressure levels the 
structure is more "patchy". This is a possible evidence of gravity waves in the mesosphere of Venus. The 
obtained maps for the Southern hemisphere present significant similarities with the results by Venera 15 
probe in the Northern hemisphere. 
 
Global thermal maps at 90, 35, 12 and 5mbar pressure levels are presented in the following pictures, as 
shown in [Migliorini et al, 2008/2009, Grassi et al, 2010]. They are mean maps obtained by averaging 
about 60 single images, acquired in the mission period from 2007-02-24 to 2008-08-05. The most 
remarkable feature is the polar vortex dominating the polar region observed in all maps, with the highest 
temperature value (about 230-235K at 35 and 90mbar) with respect to the surrounding. In the mean map 
at 90mbar, which probes at about 65 km height, atmospheric temperature is in average 5 to 10K warmer 
at dusk than at dawn. The cold collar region is clearly seen at about 60-75°S, with a thermal gradient of 
about 20K with respect to the pole. Thermal maxima and minima are also evident at mid latitudes. At 
35mbar (about 70km) the contrast in the thermal structure decreases. Atmospheric temperature is again 5 
to 10K warmer at dusk than at dawn but cold collar region disappears. Temperature is in average colder 
with respect to what is observed at 65km. 
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Figure 136. Maps of temperature values obtained for two different pressure levels: 90mbar and 
35mbar. Data are shown in an orthographic projection of the Venus nightside hemisphere, 
distributed along Latitude (north up, south down) and Local Time (increasing counter-clockwise, 
right to left). The projections are slightly tilted for a perspective view, centered near the anti-solar 
point (LT=0h). 
 
Moving to about 75km (12mbar pressure level) a cold region about the anti-solar point is observed at low 
to mid latitudes, with a thermal gradient of about 10K with respect to the dusk and dawn regions, at the 
same latitudes. This indicates a semidiurnal fluctuation, already observed with the Radiometer onboard 
the Pioneer Venus Orbiter (Shofield et Taylor, 1983). At 5mbar (about 80km) temperature is about 5-7K 
than that observed a few km lower, and variations with local time is less evident. 
 

 
Figure 137. Maps of temperature values obtained for pressure levels: 12mbar and 5mbar. Data are 
shown in an orthographic projection similar to the previous one. 
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6.4.8. Future study: Time variations 
 
In addition to the global mapping of the atmosphere at different wavelengths, the current products allow 
also the study of the temporal variations of the measured radiance. This has not yet been investigated in 
detail, but the first results show that this could be useful to study long term variations of the radiance and 
eventual periodicities (solar wind variations, etc). 
 
The figure given here shows a simple example of how the radiance at 3.8 μm (Y axis) observed at four 
different points (coloured spots) varies with respect to the time (X axis). In particular the oscillations 
observed here are due to the rotation of the polar vortex. 
 

473 475 477 479

3.8um 3.8um 3.8um 3.8um

 
Figure 138. Diagram showing the radiance variation with time for each of the coloured spots on the 
image. This gives an impression of the local radiance variation with the rotation of the polar vortex. 
 
The following figures show the variation at a larger scale of the measured radiance at 1.74um, for two 
fixed positions on the planet throughout almost three years of observations. The first figure shows the 
variation of the average radiance in the night-side cold collar (around -75º latitude), and although the data 
is very irregular, we can identify a small decrease in the profile. The second figure shows the same values 
for the mid-latitude region (50º/60º), where we can see that the profile is this time increasing with time.  
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Figure 139. Plot showing the variation with time of the radiance measured at 1.74um for a fixed 
point in the nightside cold collar (-75º). The average profile seems to decrease slightly with time. 
Note that one orbit corresponds to 24h, i.e. to one Earth day. 

 

 
Figure 140. Plot showing the variation with time of the radiance measured at 1.74um for a fixed 
point in the nightside mid latitudes (-50º/-60º). The average profile seems to increase slightly with 
time. Note that one orbit corresponds to 24h, i.e. to one Earth day. 
 
First of all, the fact of a non-uniform profile is quite unexpected, and furthermore it is more interesting to 
see that the tendency of the cold collar radiance is found to be opposite with respect to the one observed 
at mid-latitudes. This effect could be related to seasonal variations such as the dependence with the solar 
activity cycles, although this needs further investigations. The Venus Express mission happens to be at 
the end of the current solar cycle, thus we are only seeing the decrease of the solar activity. It would be 
interesting to observe these same profiles once we have completed the extended mission in 2012, as the 
solar activity should have increased again by that time. We could then confirm the dependence if we can 
identify again the variation in the measured radiance. 
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Figure 141. Plot showing the number of sunspots detected in the last 15 years, showing the profile 
of solar activity in the current cycle. We see that the Venus Express mission is at the end of the 
cycle where the solar activity is slowly decreasing. 
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7. CONCLUSIONS 
 
This PhD Research Program has been concluded after two years of work at the Istituto Nazionale di 
AstroFisica in Rome, Italy, as active member of the VIRTIS Technical and Scientific Team, and one 
additional year at the European Space Astronomy Center in Madrid, Spain, as member of the Mars 
Express Science Ground Segment. 
 
During the time of this research, all parts of the Science Ground Segment of the Venus Express mission 
have been studied, from the planning of the scientific operations, to the generation, calibration and 
archiving of the science data, including the production of valuable high level products. The end-to-end 
diagram of the ground segment is presented and discussed here from the technical and scientific point of 
view, in order to describe the overall flow of information: from the original scientific requests of the 
principal investigator and interdisciplinary teams, up to the spacecraft, and down again for the analysis of 
the measurements and interpretation of the scientific results, which are finally used as feedback for new 
and more elaborated planning requests, closing the circle. 
 
Intense work has been dedicated to implement and develop the entire data pipeline for the VIRTIS 
instrument onboard Venus Express. The raw data generation pipeline and data calibration pipeline were 
developed and automated in order to produce the final raw and calibrated data products in a routine basis 
from the input telemetry of the instrument. The raw and calibrated products obtained from the pipeline are 
currently being used by the VIRTIS Science team for data analysis and are distributed to the whole 
scientific community via the Planetary Science Archive. More than 20,000 raw data files and 10,000 
calibrated products have already been generated after almost 4 years of mission.  
 
We have also presented some high level data processing methods developed for the Mapping channel of 
the VIRTIS instrument on-board Venus Express. These methods have been implemented for the 
generation of high level and high quality global maps of the radiance measured over the whole planet, 
which can then be used for the understanding of the global dynamics and morphology of the Venusian 
atmosphere. This method is currently being used to compare different emissions probing at different 
altitudes from the low cloud layers up to the upper mesosphere, by using the averaged projected values 
of radiance observed by the instrument, such as the near infrared windows (1 to 2.3um), the thermal 
region (2.5 to 5 um) and the various airglow emissions. All the global distribution maps show 
interesting dependences with latitude, local time and longitude giving important hints to study the 
global dynamics of Venus' atmosphere. In addition to this, the current method allows further 
investigation on the variations with time, which could be very important for the study of seasonal 
oscillations of the measured radiance. 
 
The research has been undertaken under guidance and supervision of Giuseppe Piccioni, VIRTIS co-
Principal Investigator, with support of the entire VIRTIS technical and scientific team, in particular of the 
Archiving team in Paris (LESIA-Meudon). The work has been done also in close collaboration with the 
Science and Mission Operations Centres in Madrid and Darmstadt (European Space Agency), the EGSE 
software developer (Techno Systems), the manufacturer of the VIRTIS instrument (Galileo Avionica) and 
the developer of the VIRTIS onboard software (DLR Berlin). 
 
The outcome of the technical and scientific work done during this research program is currently being 
used by the VIRTIS team to continue the investigations on the Venusian atmosphere and plan new 
scientific observations to improve the knowledge of the solar system. Many of the technical and 
scientific contributions have already been published in several international journals and conferences. 
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7.1. List of Publications and Conference Proceedings 

This section shows the list of scientific publications and conference proceedings which were produced 
within the framework of the PhD research program, showing the contribution of the author to the broad 
community, both from the technical and scientific point of view. 
 

7.1.1. Submitted for publication on 2010 
 
Title:  Calibration Of Hyperspectral Imaging Data For The Study Of Planetary 

Atmospheres: Virtis-M Onboard Venus Express 
Authors:  Cardesín Moinelo, A., Piccioni, G., Ammannito, E., Filacchione, G. 
Publication:  IEEE Transactions on Geoscience and Remote Sensing, Special Issue of TGRS on 

Hyperspectral Image and Signal Processing (TGARS Homepage) 
Publication Date:  Submitted for publication on 2010 
Origin:  GRSS-IEEE 
 
 
Abstract 

The Visible and InfraRed Thermal Imaging Spectrometer (VIRTIS) is flying on board the ESA mission 
Venus Express and orbiting around the planet Venus since April 11 2006, providing very valuable remote 
sensing data of the planet. The instrument combines a double capability: high-resolution imaging in the 
visible-infrared range (0.28-5μm) at moderate spectral resolution (VIRTIS-M channel) and high-
resolution spectroscopy in the 2-5 μm range (VIRTIS-H channel). The scientific objectives of VIRTIS 
cover a large field and span from the study of the thermal emission of the surface up to the composition 
and dynamics of the upper atmosphere. The team is composed by people coming from institutes from 
more than 10 countries. About 2.5 Gbit of raw compressed data are coming in average every day from the 
spacecraft to be further processed and distributed to the team for the data analysis. This paper is meant to 
be a reference for all the calibration processes performed on the hyperspectral images of the VIRTIS-M 
channel, which will be useful for the analysis of the measurements, improve the interpretation of the final 
products and the reach a better understanding of the Venus atmosphere. 

http://www.grss-ieee.org/Publications/TGARS
http://www.grss-ieee.org/
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Title:  Average thermal structure of Venusian night-time mesosphere as observed by 

VIRTIS-Venus Express 
Authors:  Grassi, D., Migliorini, A., Montabone, L., Lebonnois, S., Cardesín Moinelo, A., 

Piccioni, G., Drossart, P. and Zasova, L.V. 
Publication:  Journal of Geophysical Research – Planets (JGRE Homepage) 
Publication Date:  Submitted for publication on 2010 
Origin:  AGU 
 
 
Abstract 

The mapping IR channel of the Visual and Infrared Thermal Imaging Spectrometer (VIRTIS-M) on board 
the Venus Express spacecraft observes the CO2 band at 4.3 µm at a spectral resolution adequate to 
retrieve the atmospheric temperature profiles in the indicative range 65-96 km. 
Observations acquired in the period June 2006 - July 2008 were used to derive average temperature fields 
as a function of latitude, subsolar longitude (i.e.: local time) and pressure. Coverage presented here is 
limited to the nighttime because of the adverse effects of daytime non-LTE emission on retrieval 
procedure, and to southernmost latitudes because of the orientation of Venus-Express orbit. Maps of air 
temperature variability are also computed as standard deviation of the population included in each 
averaging bin. 
At the 100 mbar level (about 65 km above the reference surface)  temperatures tend to decrease from 
evening to morning side, even if a local maximum is observed around 20-21LT. The cold collar is also 
evident around 70S, with a minimum temperature at 3LT. Moving upward to lower pressures, local time 
trends become less evident at 12.6 mbar (about 75 km) where the temperature monotonically increases 
from middle-latitudes to southern pole. Nonetheless, in this pressure levels two weaker local time minima 
are observed at 23LT and 2LT northward of 60S. Local time trends finally reverse above 85 km, where 
the morning side is the warmer.  
The variability at the 100 mbar level is maximum around 80S and stronger toward the morning side.   
Moving at higher levels, the morning side always shows the stronger variability even if the standard 
deviation field has a minimum absolute value around 12.6 mbar. 

http://www.agu.org/journals/je
http://www.agu.org/
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Title:  Hydroxyl airglow on Venus and Earth  
Authors:  Migliorini, A.; Piccioni, G.; Cardesin-Moinelo, A.; Drossart, P.; Virtis Venus 

Express Team 
Publication:  Planetary and Space Sciences Proceedings. ESLAB Comparative Planetology 
Publication Date:  Submitted for publication on 2010 
Origin:  P&SS 
 
 
Abstract 

Hydroxyl nightglow is intensively studied in the Earth atmosphere, due to its coupling to the ozone cycle. 
Recently, it was detected for the first time also in the Venus atmosphere, thanks to the VIRTIS-Venus 
Express observations. The main Δν=1,2 emissions in the infrared spectral range, centred respectively at 
2.81 and 1.46μm, were observed in limb geometry with a mean integrated emission rate of 880±90 and 
100±40 kR, respectively. According to preliminary investigation, the Bates-Nicolet chemical reaction 
seems to be the most probable mechanism for OH production on Venus, as in the case of Earth, but HO2 
and O may still be not negligible as mechanism of production for OH, differently than Earth. Spectral 
absorption features of ozone has not been detected yet, therefore the nightglow emission from OH 
provides an indirect method to quantify ozone, HO2, H and O, and to infer the mechanism of transport of 
the key species involved in the production. On Venus, OH airglow is observed only in the night side and 
no evidence has been found whether a similar emission exists also in the day side. On Mars it is expected 
to exist both on the day and night side of the planet, because of the presence of ozone, though OH airglow 
has not yet been detected. In this paper, we review and compare the OH nightglow on Venus and Earth. 
The case of Mars is also briefly discussed, for sake of completeness. Similarities from a chemical and a 
dynamical point of view are listed, though visible OH emissions on Earth and IR OH emissions on Venus 
are compared. 

http://www.elsevier.com/locate/pss
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Title:  Oxygen airglow emission on Venus and Mars as seen by VIRTIS/VEX and 

OMEGA/MEX imaging spectrometers 
Authors:  Migliorini, A.; Altieri, F.; Zasova, L.; Piccioni, G.; Bellucci, G.; Cardesín Moinelo, 

A.; Drossart, P.;  D'Aversa, E.; Carrozzo, F.G.; Gondet, B.;  Bibring, J-P 
Publication:  Planetary and Space Sciences Proceedings. ESLAB Comparative Planetology 
Publication Date:  Submitted for publication on 2010 
Origin:  P&SS 
 
 
Abstract 

Imaging spectrometers are highly effective instruments for investigation of planetary atmospheres. They 
present the advantage of coupling the compositional information to the spatial distribution, allowing 
simultaneous study of chemistry and dynamics in the atmospheres of Venus and Mars. In this work, we 
summarize recent results about the O2(a1Δg) airglow obtained by VIRTIS/Venus Express and 
OMEGA/Mars Express, the imaging spectrometers currently in orbit around Venus and Mars, 
respectively. The case of the O2(a1Δg - X3Σ-

g) IR emission at 1.27µm on the nightside of Venus and the 
dayside of Mars is analyzed, by pointing out dynamical aspects of these planets, like the detection of 
gravity waves in their atmospheres. The monitoring of seasonal and daily airglow variations provides 
hints about the chemistry on these planets. 
 
 
 

http://www.elsevier.com/locate/pss


PhD Thesis, CISAS, Università di Padova                                                        Alejandro Cardesín Moinelo  
 

181 

 

7.1.2. Published on 2009 
 
Title:  Calibration Pipeline Of Virtis-M Onboard Venus Express 
Authors:  Moinelo, A.; Piccioni, G.; Ammannito, E.; Filacchione,G. 
Publication:  IEEE Proceedings, Hyperspectral Image and Signal Processing: Evolution in Remote 

Sensing, 2009. WHISPERS '09 26-28 Aug. 2009 Page(s): 1-4 
Publication Date:  08/2009 
Origin:  IEEE Proceedings  
DOI:  10.1109/WHISPERS.2009.5289087 
 
Full Printable Article (PDF/Postscript) 

 
 
Abstract 

The Visible and InfraRed Thermal Imaging Spectrometer (VIRTIS) is flying on board the ESA mission 
Venus Express and orbiting around the planet Venus since April 11 2006, providing very valuable remote 
sensing data of the planet. The instrument combines a double capability: high-resolution visible and 
infrared imaging in the 0.28-5 μm range at moderate spectral resolution (VIRTIS-M channel) and high-
resolution spectroscopy in the 2-5 μm range (VIRTIS-H channel). The scientific objectives of VIRTIS 
cover a large field and span from the study of the surface up to the upper atmosphere. The team is 
composed by people coming from institutes abroad from more than 10 countries. About 2.5 Gbit of raw 
compressed data are coming in average every day from the spacecraft to be further processed and 
distributed to the team for the data analysis. Here we described how the pipeline is structured and the 
various different steps performed from the telemetry to the calibrated data products but focused on 
VIRTIS-M. We also present some example of data product. 
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Abstract 

We present observations of both the (0-0) and (0-1) bands at 1.27 and 1.58 μm of the O2(a1Δg - X3Σg -) 
nightglow made with the Visible and Infrared Thermal Imaging Spectrometer (VIRTIS) instrument 
aboard Venus Express. The observations were conducted in both nadir and limb viewing modes, the latter 
constituting the first systematic investigation into the vertical distribution of the volume emission rate of 
the infrared oxygen nightglow in Venus' upper atmosphere. Limb measurements from 42 orbits covering 
the latitude range 7°S to 77°N are analyzed. The peak altitude of the volume emission rate occurs 
typically between 95 and 100 km, with a mean of 97.4 ± 2.5 km. The vertical profile is broader near the 
equator, with a full width at half maximum of 11 km, a factor 2 larger than at middle latitudes. A double 
peak is frequently observed, with the lower and upper peaks occurring near 96-98 km and 103-105 km, 
respectively. On average, the nightglow appears brightest in the vicinity of the antisolar point. This 
conclusion is consistent with past ground-based observations and nadir measurements by VIRTIS. We 
mapped the global mean O2 nightglow intensity from VIRTIS data collected during 880 orbits. Patchy 
features of the nightglow intensity observed in nadir view are correlated with the thermal brightness at 
4.23-4.28 μm. The observed positive correlation is consistent with downwelling (upwelling) of oxygen 
atoms accompanying compressional heating (expansion cooling) or with modulation by gravity waves. 
Finally, from simultaneous measurements of the 1.27 and 1.58 μm bands, we have estimated the ratio of 
the transition probabilities A00/A01 to be 63 ± 8. 
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Abstract 

Atmospheric structure of Venus in the southern hemisphere, retrieved from the data of VIRTIS 
instrument on board of Venus Express mission is discussed. The results are compared with the findings 
from previous missions about the northern hemisphere. 
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Abstract 

We report and analyze here observations of strong infrared emissions from the limb of the Venus upper 
atmosphere during daytime, taken by the Visible and Infrared Thermal Imaging Spectrometer (VIRTIS) 
aboard Venus Express. We focus on the measurements taken during the first 4 months of nominal 
operations. The emissions observed at 4.3 μm and at 2.7 μm are attributed to CO2 fluorescence of solar 
radiation and are detected up to about 160 km and 130 km, respectively, while the CO fluorescence at 4.7 
μm is observed up to about 120 km. The emissions are detected in both the channels of VIRTIS, at 
different spatial and spectral resolutions (resolving powers about 1800 and 400), for the periapsis and the 
apoapsis of the Venus Express orbit. From these data sets we built up 2-D maps of the emissions as well 
as vertical profiles, which are then studied in order to characterize their variations with geophysical 
parameters, like solar illumination and emission altitude. Several analyses are performed in order to 
understand the VIRTIS behavior, to determine systematic effects in the data, and to propose appropriate 
corrections. We also present comparisons with a theoretical nonlocal thermodynamic equilibrium (non-
LTE) model of the Venus upper atmosphere. The agreement is very encouraging, in general, and the main 
variability observed in the data, with solar zenith angle and altitude, can be understood with the model. 
We conclude that the present data set opens brilliant perspectives for deriving densities and rotational 
temperatures in the upper mesosphere and lower thermosphere of Venus. 
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Abstract 

We present a general overview of the Venus mesospheric temperature fields, as retrieved from the data of 
Virtis-M instrument on board of Venus Express spacecraft, after more than two years of operations. 
Atmospheric structure is investigated mainly in the Southern hemisphere. The results are compared with 
the findings from previous missions about the Norther hemisphere. Atmospheric structure follows in 
average the behaviour in the Northern hemisphere. 
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Abstract 

The VIRTIS instrument onboard Venus Express has been using its Mapping channel successfully since 
the Venus orbit insertion on 11th April 2005. The hyper-spectral images obtained in the near-Infrared and 
Visible cover a wide spectral range (5um-250nm) with good sampling capabilities, which make them 
highly useful for the study of morphology, dynamics and composition of the atmosphere and the surface. 
Single observations performed by VIRTIS typically cover only a fraction of the Venus' disk and thus they 
provide instantaneous information of local features. We are now investigating a new approach to study 
the global morphology of Venus' atmosphere by linking the current 3-dimensional VIRTIS measurements 
(2 spatial + 1 spectral) with their evolution in time, thanks to the good coverage of the instrument, 
mapping same regions at different times and with different conditions (season, local solar time, etc). We 
present high quality global distribution maps of radiance over the whole planet, with results showing the 
different morphology of various layers of the atmosphere, e.g. Oxygen Nightglow emission at 1.27um in 
the upper mesosphere and deep atmosphere clouds observed at 1.74um. In addition, we can compare 
different emissions probing the same layer, as in the case of the radiance at 1.74um/2.3um and the 
Thermal Brightnesses at 3.8um/5um. All these global distribution maps show interesting dependences 
with latitude and local time (or longitude) giving useful information for the study of the global 
morphology of Venus' atmosphere. Other products derived by the new system such as time series, 
coverage maps, radiance variation plots and radiance stability maps can also lead to a more detailed 
analysis and a better understanding of the global dynamics and morphology of the atmosphere. 
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Abstract 

One of the most peculiar structures of Venus atmosphere is the Southern polar vortex. The vortex appears 
really complex in structure and dynamics that are influenced by each other. VIRTIS-VEX collects many 
images at 1.7 micron of the vortex probing in the lower clouds at about 47 km and in the thermal region, 
especially at 3.8 and 5.05 micron, probing at about 65 km where the vortex has the highest contrast. The 
instrument is pointed to the vortex with different geometry and with different observations parameters, in 
order to obtain the evolution of the structure with long and short time scale. In this step we focus our 
attention on the long time scale evolution, in order to analyze the angle between the southern pole and the 
axes of rotation of the vortex as a function of the local time. The vortex is offset by 2 to 5 degrees with 
respect to the geographic pole. At short time scale the measurement of the winds field, at different 
altitudes, in the polar region at latitudes poleward of 60° , clearly show a solid body rotation, suggesting a 
rotational type vortex, while at latitudes equatorward than 60° , the superrotation and the strong zonal 
winds become dominant over the vortex circulation. The modelling of the vortex, based on the wind field 
measurements by using cloud tracking technique or thermal wind field will provide an important 
constraint for the global circulation model.  
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Abstract 

Venus-Express mission is orbiting Venus since June 2006, and VIRTIS, the spectro-imager on board the 
spacecraft is providing a large valuable dataset of oxygen airglow. In this work, we analyze the oxygen 
airglow in limb and nadir geometry, covering the period from June 2006 to December 2007. The study is 
aimed to point out horizontal and vertical local distribution of the oxygen emission and related variations 
during the considered observing period. As commonly already known, the airglow emission varies rapidly 
from day to day and in a long term average, it depicts an almost ideal picture of the global circulation 
from sub-solar to anti-solar point, with a maximum in emission at midnight. However, the oxygen 
airglow at short time scale seems to be strongly driven by local temporary dynamics within the same day, 
whose effects are observed on local variations of intensity and vertical peak height. Airglow intensity can 
vary of a factor from 2 to 10, by moving towards higher latitudes; peak emission is observed in average at 
about 98 km height, although sometimes it can be set at a different altitude with a more complex 
structure, for the same reason. Finally, the high spatial resolution of the VIRTIS instrument allows us to 
identify very fine structures in nadir geometry and provides a unique view in limb geometry, able to give 
a direct measurement of the airglow vertical profile. The oxygen airglow study significantly contributes to 
build up a more global picture of the dynamics in the upper atmosphere of Venus. 
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Abstract 

Venus has no seasons, slow rotation and a very massive atmosphere, which is mainly carbon dioxide with 
clouds primarily of sulphuric acid droplets. Infrared observations by previous missions to Venus revealed 
a bright `dipole' feature surrounded by a cold `collar' at its north pole. The polar dipole is a `double-eye' 
feature at the centre of a vast vortex that rotates around the pole, and is possibly associated with rapid 
downwelling. The polar cold collar is a wide, shallow river of cold air that circulates around the polar 
vortex. One outstanding question has been whether the global circulation was symmetric, such that a 
dipole feature existed at the south pole. Here we report observations of Venus' south-polar region, where 
we have seen clouds with morphology much like those around the north pole, but rotating somewhat 
faster than the northern dipole. The vortex may extend down to the lower cloud layers that lie at about 
50km height and perhaps deeper. The spectroscopic properties of the clouds around the south pole are 
compatible with a sulphuric acid composition.  
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Abstract 

The upper atmosphere of a planet is a transition region in which energy is transferred between the deeper 
atmosphere and outer space. Molecular emissions from the upper atmosphere (90-120km altitude) of 
Venus can be used to investigate the energetics and to trace the circulation of this hitherto little-studied 
region. Previous spacecraft and ground-based observations of infrared emission from CO2, O2 and NO 
have established that photochemical and dynamic activity controls the structure of the upper atmosphere 
of Venus. These data, however, have left unresolved the precise altitude of the emission owing to a lack 
of data and of an adequate observing geometry. Here we report measurements of day-side CO2 non-local 
thermodynamic equilibrium emission at 4.3µm, extending from 90 to 120km altitude, and of night-side 
O2 emission extending from 95 to 100km. The CO2 emission peak occurs at ~115km and varies with solar 
zenith angle over a range of ~10km. This confirms previous modelling, and permits the beginning of a 
systematic study of the variability of the emission. The O2 peak emission happens at 96km+/-1km, which 
is consistent with three-body recombination of oxygen atoms transported from the day side by a global 
thermospheric sub-solar to anti-solar circulation, as previously predicted. 
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7.1.5. Published on 2006 
 
Title:  Rosetta Planetary Science Archive (PSA) Status 
Authors:  Wirth, Kristin R.; Cardesin, A.; Barthelemy, M.; Diaz del Rio, J.; Zender, J.; 

Arviset, C. 
Affiliation: 

 

AA(European Space Agency, ESTEC, The Netherlands), AB(European Space 
Agency, ESTEC, The Netherlands), AC(European Space Agency, ESTEC, The 
Netherlands), AD(European Space Agency, ESTEC, The Netherlands), 
AE(European Space Agency, ESTEC, The Netherlands), AF(European Space 
Agency, ESAC, Spain) 

Publication:  American Astronomical Society, DPS meeting #38, #43.06; Bulletin of the 
American Astronomical Society, Vol. 38, p.563 

Publication Date:  09/2006 
Origin:  AAS 
Bibliographic Code:  2006DPS....38.4306W 
 
 
Abstract 

The Planetary Science Archive (PSA) is an online database (accessible via http://www.rssd.esa.int/PSA) 
implemented by ESA/RSSD. Currently the PSA contains the science data from the Giotto (Halley), Mars 
Express and SMART-1 (Moon) missions, and the Rosetta Supplementary Archive (Wirtanen). The PSA 
user is offered a broad range of search possibilities. Search queries can be combined without restrictions 
and are executed across the whole database. The PSA utilizes the Planetary Data System (PDS) standard. 
In spring 2007 the PSA will provide the first science and engineering data collected by Rosetta. In 
preparation for the initial Peer Review to be performed before publication of these data, an Internal 
Review was held in March 2006, executed by staff internal to the organizations responsible for the 
Rosetta archiving (ESA, PDS, CNES). The Internal Reviewers identified shortcomings in documentation, 
data structures, and completeness of the data delivery. They recommended the usage of unified 
conventions and formats across different instruments. Work is ongoing to include standardized geometry 
information in the datasets. 

Rosetta was launched in March 2004 to rendezvous with comet 67P/Churyumov-Gerasimenko (C-G) in 
May 2014. After having placed a lander on the comet's surface, the Rosetta orbiter will continue to orbit 
C-G and accompany the comet through perihelion. Rosetta makes use of three Earth swingbys and one 
Mars swingby in order to reach C-G. Rosetta will also perform close flybys at two asteroids, namely 2867 
Steins in September 2008 and 21 Lutetia in July 2010. 

In addition, Rosetta makes scientific observations of targets of opportunity, e.g. lightcurves of the flyby 
asteroids to study the rotation, and plasma measurements when passing through cometary ion tails or 
meteoroid streams. Rosetta continuously monitored the encounter of the Deep Impact probe with comet 
9P/Tempel 1 over an extended period of 16 days around the impact on 4 July 2005.  

http://adsabs.harvard.edu/cgi-bin/author_form?author=Wirth,+K&fullauthor=Wirth,%20Kristin%20R.&charset=UTF-8&db_key=AST
http://adsabs.harvard.edu/cgi-bin/author_form?author=Cardesin,+A&fullauthor=Cardesin,%20A.&charset=UTF-8&db_key=AST
http://adsabs.harvard.edu/cgi-bin/author_form?author=Barthelemy,+M&fullauthor=Barthelemy,%20M.&charset=UTF-8&db_key=AST
http://adsabs.harvard.edu/cgi-bin/author_form?author=Diaz+del+Rio,+J&fullauthor=Diaz%20del%20Rio,%20J.&charset=UTF-8&db_key=AST
http://adsabs.harvard.edu/cgi-bin/author_form?author=Zender,+J&fullauthor=Zender,%20J.&charset=UTF-8&db_key=AST
http://adsabs.harvard.edu/cgi-bin/author_form?author=Arviset,+C&fullauthor=Arviset,%20C.&charset=UTF-8&db_key=AST
http://www.aas.org/
http://adsabs.harvard.edu/abs/2006DPS....38.4306W
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7.2. ESA PUBLIC OUTREACH ARTICLES 

 
ESA Space Science News 
 
ESA Research and Scientific Support Department, Newsletter No. 15, December 2008 
http://www.rssd.esa.int/index.php?project=TOP&page=newsletter  
 

 
 
Venus' Atmosphere Global Morphology and Dynamics using VIRTIS Hyperspectral Images 
Alejandro Cardesín Moinelo & Giuseppe Piccioni 

 

 
The VIRTIS instrument onboard Venus Express produces hyper-spectral images in the near-Infrared and 
Visible ranges (5 um-250 nm) with very good sampling capabilities. These images are highly valuable for 
the study of morphology, dynamics and composition of the atmosphere and to infer surface properties. 
Single observations performed by the VIRTIS-M channel typically cover only a fraction of the Venus' 
disk and thus provide instantaneous information of local features, with very important details for the 
study of both morphology and local dynamics. 

However, to study the global morphology of Venus' atmosphere new projection methods are needed. In 
this research project we have produced high quality global distribution maps of radiance over the whole 
planet, showing the different morphology and structure of various layers of the atmosphere. We can 
compare different emissions probing at different altitudes from the surface to the upper mesosphere. For 
example we can use the radiance observed in the near infrared windows (1 to 2.3 µm), in the thermal 
region (2.5 to 5 µm) or from the various airglow emissions. All these global distribution maps show 
interesting dependences with latitude, local solar time and longitude, giving important hints for the 
understanding of the global dynamics of Venus' atmosphere. 

http://www.rssd.esa.int/index.php?project=TOP&page=newsletter
http://www.rssd.esa.int/SYS/TOP/docs/SSN15/Contents15.html#venus
http://www.rssd.esa.int/SYS/TOP/docs/SSN15/Contents15.html#venus
http://www.rssd.esa.int/SYS/TOP/docs/SSN15/Contents15.html
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ESA Web Releases 
 
Venus: Earth’s twin planet? 
  
28 November 2007 

Full ESA article: http://www.esa.int/esaCP/SEMS9773R8F_index_0.html#subhead1  

  
Download:  HI-RES GIF 

(Size: 914 kb)  
This beautiful set of infrared images of the south polar vortex at Venus was obtained by the
Visible and Infrared Thermal Imaging Spectrometer (VIRTIS) on board ESA’s Venus Express.
The images, taken during four different observations performed over three orbits in August
2007, show variations in the shape of the vortex and also provide clues on the temperature 
variation in the clouds. They were obtained at a distance of about 66 000 km from the planet’s
surface, at wavelengths of 3.8 micrometres (top left, down left, top right) and 5 micrometres
(bottom right).  
High-resolution versions of the individual images in the composite:  
 
5_VIRTIS_polar_vortex_1, 5_VIRTIS_polar_vortex_2, 5_VIRTIS_polar_vortex_3, 
5_VIRTIS_polar_vortex_4  
 
Credits: ESA/VIRTIS-VenusX/INAF-IASF/Obs. de Paris-LESIA (A.Cardesin Moinelo, IASF-
INAF) 
 
 
The restless atmosphere of Venus 

http://www.esa.int/esaCP/SEMS9773R8F_index_0.html#subhead1
http://www.esa.int/esaCP/SEMS9773R8F_index_0.html#subhead1
http://www.esa.int/images/5_VIRTIS_polar_vortex_composite_H.jpg
http://www.esa.int/images/5_VIRTIS_polar_vortex_composite_H.jpg
http://esamultimedia.esa.int/images/venusexpress/5_VIRTIS_polar_vortex_1.tif
http://esamultimedia.esa.int/images/venusexpress/5_VIRTIS_polar_vortex_2.tif
http://esamultimedia.esa.int/images/venusexpress/5_VIRTIS_polar_vortex_3.tif
http://esamultimedia.esa.int/images/venusexpress/5_VIRTIS_polar_vortex_4.tif
http://www.esa.int/images/5_VIRTIS_polar_vortex_composite_H.jpg
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28 November 2007 
 
Full ESA article: http://www.esa.int/esaSC/SEM2F373R8F_index_0.html  

  
Download:  HI-RES GIF 

(Size: 302 kb)  

 
This clip is composed of a mosaic of the southern hemisphere of Venus, as imaged by the
Visible and Infrared Thermal Imaging Spectrometer (VIRTIS) on board ESA’s Venus
Express. The south polar atmospheric dipole is seen at different wavelengths.  
The images were acquired during three observations sessions in May 2006, at a distance of
about 65 000 km above the surface.  

 
Credits: ESA/VIRTIS-VenusX/INAF-IASF/Obs. de Paris-LESIA (A. Cardesin Moinelo, 
IASF-INAF) 
 

http://www.esa.int/esaSC/SEM2F373R8F_index_0.html
http://www.esa.int/esaSC/SEM2F373R8F_index_0.html
http://www.esa.int/images/7_VIRTIS_polar_vortex_H.gif
http://www.esa.int/images/7_VIRTIS_polar_vortex_H.gif
http://www.esa.int/images/7_VIRTIS_polar_vortex_H.gif
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Full ESA article: http://www.esa.int/esaSC/SEM2F373R8F_index_0.html  

 

  
Download:  HI-RES GIF 

(Size: 3715 kb)  

 
This video is composed of a set of images acquired by the Visible and Infrared Thermal
Imaging Spectrometer (VIRTIS) on board ESA’s Venus Express, during two observations slots
in August 2007. The spacecraft was flying at about 65 000 km distance from the planet.  
The video was obtained at 3.8-micrometre wavelength, allowing the instrument to see the cloud
top thermal emission at an altitude of about 60-65 km. The south polar dipole, a complex 
atmospheric vortex-like feature situated over the south pole of the planet, can be seen clearly. 

 
Credits: ESA/VIRTIS-VenusX/INAF-IASF/Obs. de Paris-LESIA (A. Cardesin Moinelo, IASF-
INAF) 

 
 
 

http://www.esa.int/esaSC/SEM2F373R8F_index_0.html
http://www.esa.int/esaSC/SEM2F373R8F_index_0.html
http://www.esa.int/images/12_VIRTIS_vortex_movie_H.gif
http://www.esa.int/images/12_VIRTIS_vortex_movie_H.gif
http://www.esa.int/images/12_VIRTIS_vortex_movie_H.gif
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Full ESA article: http://asimov.esrin.esa.it/SPECIALS/Venus_Express/SEMHQ973R8F_0.html#subhead7  

  
Download:  HI-RES JPEG 

(Size: 451 kb)  

 
This global view of Venus is a mosaic of several images taken by the Visible and Infrared 
Thermal Imaging Spectrometer (VIRTIS) on board ESA’s Venus Express on 18 May 2007, at a 
distance of about 66 000 km from the planet.  
The images were obtained at 1.7-micrometre (left) and 3.8-micrometre (right) wavelengths, 
The wavelength used to obtain the left-hemisphere composite (1.7 micrometres) provides a 
dramatic global view of the night-side clouds in the lower atmosphere (approximately 45 km), 
while the wavelength used to obtain the right-hemisphere composite (3.8 micrometres) 
provides a view of the day-side cloud top (approximately 60 km).  

The double polar vortex at the south pole is visible at the centre of the image. 

  
Credits: ESA/VIRTIS-VenusX IASF-INAF, Observatoire de Paris (A. Cardesín Moinelo, 
IASF-INAF) 

 
 

http://asimov.esrin.esa.it/SPECIALS/Venus_Express/SEMHQ973R8F_0.html#subhead7
http://asimov.esrin.esa.it/SPECIALS/Venus_Express/SEMHQ973R8F_0.html#subhead7
http://www.esa.int/images/3_VIRTIS_global_mosaic_H.jpg
http://www.esa.int/images/3_VIRTIS_global_mosaic_H.jpg
http://www.esa.int/images/3_VIRTIS_global_mosaic_H.jpg
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Full ESA article: http://asimov.esrin.esa.it/SPECIALS/Venus_Express/SEMHQ973R8F_0.html#subhead8  

  
Download:  HI-RES JPG 

(Size: 240 kb)  

 
This inverted grey-scale view of the venusian clouds was obtained by the Visible and Infrared 
Thermal Imaging Spectrometer (VIRTIS) on board ESA’s Venus Express on 17 May 2007, at
a distance of about 57 000 km from the planet.  
This image, taken at around midnight local time, at 1.7-micrometres, reveals what is present at 
an altitude of 45-50 km in the south polar region. It is possible to see that the cloud curtain is
very thick and opaque.  

The imaged area is located between 40º south (bottom of the image) and 80º south (top) image
top.  
 
Credits: ESA/VIRTIS-VenusX IASF-INAF, Observatoire de Paris (A. Cardesín Moinelo, 
IASF-INAF) 
 
 

http://asimov.esrin.esa.it/SPECIALS/Venus_Express/SEMHQ973R8F_0.html#subhead8
http://asimov.esrin.esa.it/SPECIALS/Venus_Express/SEMHQ973R8F_0.html#subhead8
http://www.esa.int/images/4_VIRTIS_cloud_opacity_H.jpg
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Full ESA article: http://asimov.esrin.esa.it/SPECIALS/Venus_Express/SEM4BB73R8F_0.html#subhead1  

  
Download:  HI-RES GIF 

(Size: 2071 kb)  

 
This video is composed of a set of images acquired by the Visible and Infrared Thermal
Imaging Spectrometer (VIRTIS) on board ESA’s Venus Express, during two observations
slots in August 2007. The spacecraft was flying at about 65 000 km distance from the planet. 
The video was obtained at 3.8-micrometre wavelength, allowing the instrument to see the
cloud top thermal emission at an altitude of about 60-65 km. The south polar dipole, a 
complex atmospheric vortex-like feature situated over the south pole of the planet, can be 
clearly seen.  

The change of the polar vortex shape in a time scale of a few hours is remarkably noticeable
here.  
 
Credits: ESA/VIRTIS-VenusX/INAF-IASF/Obs. de Paris-LESIA (A.Cardesin Moinelo, 
IASF-INAF) 

 
 

http://asimov.esrin.esa.it/SPECIALS/Venus_Express/SEM4BB73R8F_0.html#subhead1
http://asimov.esrin.esa.it/SPECIALS/Venus_Express/SEM4BB73R8F_0.html#subhead1
http://www.esa.int/images/13_VIRTIS_vortex_movie_H.gif
http://www.esa.int/images/13_VIRTIS_vortex_movie_H.gif
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Full ESA article: http://asimov.esrin.esa.it/SPECIALS/Venus_Express/SEM4BB73R8F_0.html#subhead5  

  
Download:  HI-RES GIF 

(Size: 573 kb)  

 
This animation shows the fluorescent emission of carbon dioxide (CO2) from the upper 
atmosphere of Venus on the day side.  
It was obtained by the Visible and Infrared Thermal Imaging Spectrometer (VIRTIS) on board 
ESA’s Venus Express by scanning the atmospheric limb (it provides a side-view of the upper 
atmosphere).  

The observation was performed on 18 February 2007, while the spacecraft was flying at about 
5000 km from the planet.  

The two graphs at the bottom show atmospheric spectra obtained by the two instrument’s 
channels (VIRTIS-H on the left, and VIRTIS-M on the right). They plot the amount of light 
emitted at given wavelengths. The fluorescence peaks at 4.3 micrometres. 

  
Credits: ESA/VIRTIS-VenusX/INAF-IASF/Obs. de Paris-LESIA (A. Cardesin Moinelo, 
IASF-INAF) 
 
 

http://asimov.esrin.esa.it/SPECIALS/Venus_Express/SEM4BB73R8F_0.html#subhead5
http://asimov.esrin.esa.it/SPECIALS/Venus_Express/SEM4BB73R8F_0.html#subhead5
http://www.esa.int/images/16_VIRTIS_fluorescence_H.gif
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http://www.esa.int/images/16_VIRTIS_fluorescence_H.gif
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Full ESA article: http://asimov.esrin.esa.it/SPECIALS/Venus_Express/SEM4BB73R8F_0.html#subhead7  

  
Download:  HI-RES GIF 

(Size: 758 kb)  

 
This beautiful composite is made of images obtained by the Visible and Infrared Thermal 
Imaging Spectrometer (VIRTIS) on board ESA’s Venus Express on 13 May 2007 at 1.27 and
1.7-micrometre wavelengths. The imaging distance from the planet varies from 62 000 km (top
left) to 49 000 km (down right).  
The blue part indicates the oxygen-airglow emission at 95-km altitude over the planet’s 
surface, while the yellow part indicates the underlying clouds situated at about 45-50 km over 
the surface. The composite illustrates how the airglow evolves over one Venus Express orbit 
(about 24 hours). 

  
High-resolution versions of the individual images: 

18_VIRTIS_oxygen_airglow_composite_1, 18_VIRTIS_oxygen_airglow_composite_2, 
18_VIRTIS_oxygen_airglow_composite_3, 18_VIRTIS_oxygen_airglow_composite_4
 
Credits: ESA/VIRTIS-VenusX IASF-INAF, Observatoire de Paris (A. Cardesín Moinelo, 
IASF-INAF) 
 

http://asimov.esrin.esa.it/SPECIALS/Venus_Express/SEM4BB73R8F_0.html#subhead7
http://asimov.esrin.esa.it/SPECIALS/Venus_Express/SEM4BB73R8F_0.html#subhead7
http://www.esa.int/images/18_VIRTIS_oxygen_airglow_composite_H.jpg
http://www.esa.int/images/18_VIRTIS_oxygen_airglow_composite_H.jpg
http://esamultimedia.esa.int/images/venusexpress/18_VIRTIS_oxygen_airglow_composite_1.tif
http://esamultimedia.esa.int/images/venusexpress/18_VIRTIS_oxygen_airglow_composite_2.tif
http://esamultimedia.esa.int/images/venusexpress/18_VIRTIS_oxygen_airglow_composite_3.tif
http://esamultimedia.esa.int/images/venusexpress/18_VIRTIS_oxygen_airglow_composite_4.tif
http://www.esa.int/images/18_VIRTIS_oxygen_airglow_composite_H.jpg
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APPENDIX A – EXAMPLE OF PDS LABEL 
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APPENDIX B – EXAMPLE OF INFORMATION SUMMARY LOG FILE 
 
 
PDS_VERSION_ID        = PDS3 
RECORD_TYPE           = STREAM 
OBJECT                = TEXT 
  INTERCHANGE_FORMAT  = ASCII 
  PUBLICATION_DATE    = 2008-03-12 
  NOTE           = "Info summary for the calibration process" 
END_OBJECT            = TEXT 
END 
  
  
START INFO ---Info summary for the calibration process--- 
  
Calibration executed on               : 2008-03-12T01:30:59 
  
Calibration routine used              : V_calibM_VEX_2.1 
  
Instrument Transfer Function used     : VEX_VIRTIS_M_IR_ITF_v2.DAT 
  
FILENAME                              : V:\DATA\MTP002\VIR0046\RAW\VI0046_00.QUB 
  
Data are from (CHANNEL_ID)            : VIRTIS_M_IR 
Data format                           : 432x256x113 (BxSxL) 
Instrument mode                       : 5-ALL_PIX_FULL_WIN 
Repetition (EXTERNAL_REPETITION_TIME) :  2.50 s 
Visible exposure time                 :  0.360000 s (formal)  0.360050 s (used for cal.) 
Infrared exposure time                :  0.020000 s (formal)  0.020050 s (used for cal.) 
Visible delay time                    :  0.100000 s 
Infrared delay time                   :  0.260000 s 
Scan mechanism mode (SCAN_MODE_ID)    : SCAN 
Scan step angle (SCAN_STEP_ANGLE)     : Not available 
Summing (FRAME_SUMMING)               : SUMMING OF 1 
Compression mode (ENCODING_TYPE)      : "REVERSIBLE" at rate "N/A" 
START_TIME                            : 2006-06-05T16:46:47.450 
STOP_TIME                             : 2006-06-05T16:51:44.483 
Average spectrometer temperature      : 152.946 K (used by the wavelength gen routine) 
Sigma spectrometer temperature        : 0.0166291 K 
Intercept used for the wavelength list: 1.029993 micron 
Slope used for the wavelength list    : 0.009495 micron 
Dark rate                             : 20 
Number of dark frames                 : 6 
  
----------Notes---------- 
Exposure time consistent in header 
Visible and Infrared exposures are centered within :  1.00E-002 s (+ means VIS after IR) 
The thermal background correction has been performed 
The frames clean procedure has been performed and 0 frames out of 119 were cleaned up 
Infrared saturation level :   24400 (including dark, evaluated from D43OJ43) 
The total number of pixels saturated is 0.00776569% (replaced with value:  -1000) 
The fast despiking has been performed using threshold  3.0 and 0.83537544% of pixels have been removed 
The destriping has been performed on 405 bands; error computed on 83.8147% of the pixels 
A total of 179 defective pixels have been found in the frame: 
 37 dead pixels were cleaned and corrected. 142 pixels could not be corrected and were set to value -
1004.00 
The spectral filtering has NOT been performed 
The spatial filtering has NOT been performed 
A total of 0 wrong pixels became NaN/Inf during the calibration process and were set to value -1001.00 
------------------------- 
  
END INFO 
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APPENDIX C – SPICE COMMENT SECTION OF VIRTIS-M CAMERA KERNEL 
 

Comment section added to each of the VIRTIS-M Camera Kernels 
 
The camera kernels of the VIRTIS instrument contain the optical angles of the scanning mirror orientation, 
which correspond to the actual direction of pointing of each acquisition with respect to the instrument's  
boresight. This angle is applicable only for the Mapping channel of the instrument (VIRTIS-M), both for 
infrared and visible data. The High-Resolution channel (VIRTIS-H) has different optics and thus the 
scanning mirror angles are not applicable. 
 
+Y side view: 
------------------------------------- 
 
                           VIRTIS-M 
                           boresight 
 
                               ^  +Z 
      |                         |                         || 
      |  VIRTIS_M_SCAN  ^       |                         || 
      |     boresight    \      |                         || 
Base  |                   \  +  |                         || VIRTIS 
Plate |                    \   _|                         || RADIATOR 
      |                     \<' |                         || 
      |                      \  |                         || 
Space |                       \ |                         ||  Deep 
Craft |                        \|                         ||  Space 
      |     +X <----------------o------------------ -X    || 
      |                      \_____/                      || 
      |                   Scanning_mirror                 || 
 
Reference axis is that of the instrument as defined in the Frames kernel. 
 +Z is the VIRTIS_M boresight 
 -X is perpendicular to the instrument radiator towards space 
 +Y axis goes outside the paper (nominally aligned with the +Y axis of the spacecraft) 
 
The scanning orientation is given in units of radians as the euler angle from the VIRTIS-M boresight (+Z 
axis) to the VIRTIS_M_SCAN boresight. Positive angles imply pointing towards the +X axis. Scanning of the 
mirror goes nominally from positive to negative euler angles, that is, from +X to -X. 
 
The information of the mirror orientation is obtained for each science acquisition inside the 
corresponding housekeeping telemetry packets (APID 820), in the form of cosine and sine of the internal 
electrical angle. These electrical angle values are converted into optical angle, expressed in radians, 
and then written in binary format inside the camera kernel, together with the corresponding time period 
given as Start and Stop SCET (Spacecraft Clock Elapsed Time). 
 
The camera kernels are periodically produced for predefined intervals of time. The duration of these 
intervals may vary although it is generally established for periods of four weeks, which correspond to the 
duration of one Medium Term Planning (MTP) cycle. 
 
Filenaming convention: VEX_VIRTIS_YYMMDD_yymmdd_VV.BC, where: 
- YYMMDD is the start date 
- yymmdd is the stop date 
- VV is a version number, starting from 01 
 
The kernels are generated with no time interval tables to reduce file size. (Spice option 
INCLUDE_INTERVAL_TABLE = 'NO') 
 
The camera kernels are produced by the VIRTIS-M team, based at the Istituto Nazionale Astrofisica in Rome, 
Italy, under the supervision of Dr. Giuseppe Piccioni (VIRTIS co-PI). 
 
Contact Information 
======================================================================== 
 Giuseppe Piccioni, VIRTIS co-Principal Investigator, IASF-INAF 
   +39-0649934445, Giuseppe.Piccioni@iasf-roma.inaf.it 
 Alejandro Cardesin, VIRTIS VEX Data Handling Engineer, IASF-INAF 
   +39-0649934210, Alejandro.Cardesin@iasf-roma.inaf.it 
 Stephane Erard, VIRTIS Data Archive Manager, Obs. Paris Meudon 
   +33-145077819, Stephane.Erard@obspm.fr 
 Boris Semenov, SPICE support, NAIF/JPL 
   +1-818-354-3869, boris.semenov@jpl.nasa.gov 
======================================================================== 
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APPENDIX D – EXAMPLE OF BROWSE INDEX TABLE 
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APPENDIX E – EXAMPLE OF VIRTIS LOG INDEX TABLE 
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APPENDIX F – LIST OF ACRONYMS 
 

APID Application Process IDentifier 
ASI Agenzia Spaziale Italiana 
CDS Correlated Double Sampler 
CK Camera Kernels (SPICE) 
CSEQ Command Sequence 
DC Digital Counts 
DCDS Digital Correlated Double Sampler 
DDEF Displacement Damage Equivalent Fluence 
DDS Data Distribution System 
DDSF Displacement Damage Sensitivity Fluence 
DN Digital Number 
EA Emission (or Emergence) Angle 
EAICD Experiment to Archive Interface Control Document 
EGSE Electronic Ground Segment Equipment 
ESA European Space Agency 
FD Flight Dynamics  
FOP Flight Operations Procedure 
FOV Field Of View 
FPA Focal Plane Array 
FPGA Focal Plane Gain Array 
FPN Fixed Pattern Noise 
FUM Flight User Manual 
FWHM Full Width at Half Maximum 
JHK First three regions of JHKLM system, covering the spectral range [1-2.5μm] 
JHKLM Photometric system of broad bands in the Infrared range, which designates the 

optimal earth atmospheric transmission regions as J, H, K, L and M. 
-H VIRTIS High Resolution Channel 
HGA High Gain Antenna 
HK House Keeping 
IA Incidence angle (equivalent to SZA) 
IAS Institut d'Astrophysique Spatiale (Orsay, France) 
IASF Istituto Astrofisica Spaziale e Fisica Cosmica (Rome, Italy) 
IBAT Instrument Baseline Activity Transition 
IDS Inter-Disciplinary Scientist 
IFOV Instantaneous Field Of View 
INAF Istituto Nazionale AstroFisica (Italy) 
IR InfraRed 
ITF  Instrument Transfer Function 
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LESIA Laboratoire d’Etudes Spatiales et d’Instrumentation en Astrophysique (France) 
LET Linear Energy Transfer 
LM Last two regions of JHKLM system, covering the spectral range [3.5-5μm] 
LT Local Time 
-M VIRTIS Mapping channel 
ME Main Electronics 
MOC Mission Operations Center 
MSB Most Significant Bit 
MSP Master Science Plan 
MTP Medium Term Planning 
NAIF Navigation and Ancillary Information Facility, NASA 
NESR  Noise Equivalent Spectral Radiance 
OBDH On Board Data Handling 
OM Optics Module 
PDS  Planetary Data System 
PEM Proximity Electronics Module 
PI Principal Investigator 
PIOR Principal Investigator Observation Request 
PM Project Manager 
PMRQ PIOR Modification Request 
PS Project Scientist 
PSA Planetary Science Archive 
PTC Photon Transfer Curve 
PTR Pointing Request 
PVV PSA Validation and Validation tool 
QE Quantum Efficiency 
QUBE 3D data object structure in PDS format 
RD Reference Document 
ROIC Read-Out Integrated Circuit 
SAP Science Activity Plan 
SCET Spacecraft Clock Ephemeris Time 
SEE System Event Effects 
SEL System Event Latch-up 
SEU System Event Upset 
SFDU Standard Formatted Data Unit 
SOC Science Operations Center 
SOWG Science Operations Working Group 
SPICE Ancillary Information System developed by NAIF 
SW Soft-Ware 
SWT Science Working Team 
SZA Solar Zenith angle (equivalent to IA) 
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TB Thermal Brightness (or Brightness Temperature) 
TBC To Be Confirmed 
TBD To Be Done/Defined 
TDL Total Dose Level 
TDS Total Dose Sensitivity 
TM Telemetry 
UV Ultra Violet 
VEX Venus Express Mission 
VIRTIS Visible Infra Red Thermal Imaging Spectrometer 
VIS Visible 
VMOC Venus Express Mission Operations Center 
VOI Venus Orbit Insertion 
VSOC Venus Express Science Operations Center 
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