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גיל התלמידים: חט״ב
מספר תלמידים מומלץ: עד 25

משך השיעור: 90 דקות
כותבות המערך: ד"ר שמרית ממן וד"ר סיון איזיקסון 

מהמעבדה לחישה מרחוק והדמאה פלנטרית 
באוניברסיטת בן גוריון בנגב.

יש להדפיס את דפי העבודה והתמונות המצורפות בצבע 
ובאיכות גבוהה ככל האפשר. לחלופין מומלץ לקיים את 

השיעור בכיתת מחשבים. בדפי העבודה יש שאלות בונוס 
 .Google earth המצריכות שימוש בתוכנה החינמית

מומלץ מאוד להתקינה.

היכרות 

וניתוח תצלומיו
ונוס

 
עם הלוויין
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רציונל למורה

	 שיעור זה עוסק בתרומתו הייחודית של הלוויין ונוס ובתכונותיו של לוויין זה ותכונותיהם של לווייני חישה מרחוק בכלל. 

מטרות )ידע ומיומנויות(

	 התלמידים יכירו ויבינו את המושג החישה מרחוק ואת חקר כדה”א באמצעות הדמאות לוויין.
	 התלמידים ילמדו על עקרונות בסיסיים במחקר סביבתי בניתוח הדמאות לוויין )ארבע הרזולוציות(.

	 התלמידים יכירו את תכונותיו ויתרונותיו של הלוויין ונוס.
	 התלמידים יתנסו בניתוח הדמאות שהתקבלו מהלוויין ונוס, בחילוץ מידע ובהשוואה ללוויינים אחרים. 

מושגים עיקריים

	 חישה מרחוק, רזולוציה, רזולוציה מרחבית, רזולוציה רדיומטרית, רזולוציה ספקטראלית, רזולוציה עיתית, ניטור שינויים בזמן, מולטי־
ספקטראליוּת, צילום אינפרה־אדום

מקורות מידע ותוכנות

	 מידע על הלוויין ונוס באתר סוכנות החלל הישראלית
	 Google Earth )מומלץ(
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רקע למורה ומושגים

חישה מרחוק
חקר כדה”א מהחלל הוא תחום טכנולוגי־גאוגרפי שהחל להתפתח לפני כחמישים שנה עם שליחת לווייני הריגול הראשונים )לווייני תצפית, 
חישה מרחוק(. כיום קיימים עשרות לווייני צילום, הן מחקריים והן מסחריים, ולכל לוויין תכונות משלו, בהתאם למשימה שלשמה שוגר.

כבר שנים רבות יש למדינת ישראל נציגות מכובדת של לווייני תקשורת ולווייני חישה מרחוק בחלל. בשנת 2017 בלטה בהישגיה הלוויינות 
הישראלית בתחום החישה מרחוק. בשנה זו שוגרו בהצלחה שני לווייני תצפית ישראליים. הראשון – ננו־לוויין BGUSAT, לוויין של 
אוניברסיטת בן־גוריון בנגב בשיתוף עם התעשייה האווירית וסוכנות החלל הישראלית. השני – הלוויין ונוס VENμS , פרי שיתוף פעולה 
של סוכנות החלל הישראלית וזו הצרפתית. הלוויינים הללו עדיין שוהים בחלל, מצלמים אתרים נבחרים על פני כדה”א ומשדרים את 

התמונות אל תחנות הקרקע.

הדמאות לוויין
 .)Simulation( ולא הדמיה ,)Image( לתיאור צילומי לוויין אנו משתמשים במונח הדמאה

הלוויין ונוס
ונוס, ששמו נכתב בלועזית VENμS )ראשי תיבות של Vegetation and Environment on a New Micro Satellite(, הוא לוויין חישה 
מרחוק שנבנה ומופעל בשיתוף פעולה של סוכנות החלל הישראלית והצרפתית. הלוויין שוגר באוגוסט 2017 והדמאות שלו כבר משמשות 

חוקרים ברחבי העולם במגוון נושאי סביבה וחקלאות. 
כאן בלינק אפשר לעקוב ולראות היכן נמצא הלוויין ונוס בכל רגע. 

רזולוציה
משמעות המילה רזולוציה היא כושר הפרדה או כושר הבחנה. בהקשר של הדמאות לוויין 
ושל תמונות בכלל, המושג רזולוציה מציין את היכולת שלנו להפריד ולהבחין בין עצמים 
בתמונה. יכולת זו תלויה במאפיינים שונים של התמונה, וכל מאפיין הוא כשלעצמו סוג של 

רזולוציה, כפי שיפורט להלן. 

רזולוציה מרחבית
רזולוציה מרחבית עניינה גודלו של העצם הקטן ביותר שניתן לזהות בתמונה. היא מתבטאת 
בגודל הפיקסל בתמונה – כמה שטח במציאות מייצג כל פיקסל. גודל הפיקסל תלוי ביכולות 
החיישן )סנסור(  ובמרחק שלו מהאובייקט המצולם. בצילומים של אובייקטים על פני 
הקרקע במצלמה רגילה, ייתכן גודל פיקסל של 1 מ”מ עד 1 ס”מ. בהדמאות לוויין גודל 

הפיקסל יהיה לרוב בין מטרים אחדים לאלף מטרים.
הרזולוציה המרחבית של ונוס: גודל הפיקסל של ונוס הוא 5~ מטר לפיקסל. זוהי רזולוציה 
מרחבית הנחשבת גבוהה לחיישנים לוויינים )HSR – High Spatial Resolution(. לשם 
ההשוואה, לווייני מזג אוויר מצלמים ברזולוציה של כ-1,000 מטר לפיקסל, ולעומת זאת יש 
היום לוויינים המצלמים ברזולוציה של 1 מטר לפיקסל ואף פחות, ונחשבים בעלי רזולוציה 
מרחבית גבוהה מאוד )VHSR – Very High Spatial Resolution(. בעתיד מתוכנן הלוויין 
ונוס לשנות מסלול קרוב יותר אל כדה”א ולשפר את הרזולוציה המרחבית שלו: להגיע 

ל-2.7 מטר לפיקסל.

רזולוציה רדיומטרית
רזולוציה רדיומטרית עניינה כמות הגוונים שכל פיקסל יכול לייצג )מספר גווני אפור(. ככל 
שמתועדים בתמונה יותר גוונים, כך גדלה יכולת ההבחנה בין אובייקטים שהגוונים שלהם 
כמעט זהים. הרזולוציה הרדיומטרית מבוטאת בשיטה הבינארית לביטוי מספרים ועל כן 

נמדדת בביט, וכמות הגוונים מחושבות בחזקות על בסיס 2.
הרזולוציה הרדיומטרית של ונוס: הרזולוציה הרדיומטרית של הלוויין ונוס היא 10 ביט, 

כלומר 1024 גווני צבע אפשריים בכל אחד מהערוצים. 
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צילום מולטי־ספקטראלי )רב־ערוצי(
מצלמות רגילות מצלמות בתחום הנראה לעין בשלושה ערוצים: כחול, ירוק ואדום. התמונה המתקבלת ממצלמות צבעוניות היא השילוב 

של הצבעים הללו בעוצמות שונות של בהירות.
מצלמות מולטי־ספקטראליות המשמשות במחקר יכולות לצלם בתחומים נוספים של הספקטרום האלקטרומגנטי. למעשה הן “רואות” 
קרינה במגוון אורכי גל. מצלמות מולטי־ספקטראליות מותקנות על לוויינים רבים ועל מטוסים ורחפנים. תמונות הלוויין ותצלומי האוויר 

משמשים לשלל מטרות: מחקרים אקולוגיים, מיפוי גאולוגי, שימושים חקלאיים ועוד.

רזולוציה ספקטראלית
רזולוציה ספקטראלית היא מידת יכולותו של החיישן להבחין בין אורכי הגל השונים, הן בתחום הנראה 
והן בתחומים נוספים כמו אולטרה־סגול, אינפרה־אדום, תֶרְמי וכד׳. ככל שהתמונה כוללת יותר תחומים 
בספקטרום האלקטרומגנטי וככל שיכולת ההבחנה בין אורכי הגל גדלה, כך מתקבל יותר מידע על 

האובייקטים המצולמים בהדמאה.
רזולוציה ספקטראלית של ונוס: המצלמה המותקנת על הלוויין מורכבת מ-12 ערוצים בתחום האור 
הנראה והאינפרה־אדום הקרוב. ריבוי הערוצים בתחום זה )ערוצים יחסית צרים( ותכונותיהם מקנים 

ללוויין רזולוציה ספקטראלית גבוהה בתחום הרגיש לניטור ומחקר צומח. 

צילום באינפרה־אדום קרוב לשם מחקר חקלאי ואקולוגי
שילוב התחום הנראה והאינפרה־אדום בהדמאות לוויין מספק מידע חשוב על מצב הצמח והקרקע. בעזרת עיבוד התמונות ניתן לאתר 
מחלות או יובש בצמחים )עקת יובש(, להעריך את טיב היבול בשלב מוקדם ובכך לסייע בתכנון יעיל וניהול נכון של השדות החקלאיים. 

רזולוציה עיתית 
רזולוציה עיתית בלוויין עניינה הזמן שחלף בין תיעוד אחד של נקודה על פני כדה“א למשנהו. התיעוד של כדה“א לאורך זמן בצילומי 

לוויין מאפשר השוואה של תופעות בקנה מידה נרחב. 
רזולוציה עיתית של ונוס: זמן החזרה של ונוס הוא יומיים בלבד. זהו זמן חזרה הנחשב גבוה והוא מאפשר מעקב אחר שינויים מהירים 

למדי, כמו תגובה לשרפות, פגעים בחקלאות, תגובת צמחים לזיהום ממוקד ועוד. לצורך השוואה, זמן החזרה של לוויני התצפית 
האמריקאים מסדרת LANDSAT, סדרה גדולה ומוצלחת, הוא 18–16 יום! בטווח זמן זה אנו עשויים להחמיץ אירועים קריטיים כמו 

שרפות או שיטפונות בזק, ואין אפשרות לעקוב כראוי אחר גידולים חקלאיים מהירי צימוח כגון תירס. 

סיכום נושא רזולוציות הדמאות הלוויין ונוס:
אף על פי שיש כיום לוויינים בעלי רזולוציה מרחבית, רדיומטרית, ספקטראלית או עיתית גבוהה מזו של הלווין ונוס, יש לבחון כל לוויין 
על פי מכלול הרזולוציות שלו. לרוב רזולוציה אחת באה על חשבון אחרת. ונוס נחשב לוויין ייחודי ומוביל ביכולות המחקר שהוא מאפשר, 
בשל שילוב כלל התכונות שלו ובעיקר בזכות ריבוי ערוצים יחסי בתחום האור הנראה והאינפרה־אדום הקרוב ובזכות תדירות הצילום 
הגבוהה. ריבוי הערוצים מספק מידע רב על מצב הצמחייה והקרקע, ותדירות הצילום הגבוהה מאפשרת ניטור של שינויים מהירים 

בסביבת המחקר.
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מהלך השיעור

תקציר השיעור:
מבוא המסביר על לוויינים וחישה מרחוק בכלל ועל הלוויין ונוס בפרט < פרק מבוא: מהי רזולוציה < פרק על רזולוציה מרחבית < פרק 

על רזולוציה רדיומטרית < פרק על רזולוציה ספקטראלית < פרק על רזולוציה עיתית.
עבור כל אחד מן הפרקים על הרזולוציות מצורף דף עבודה לתלמידים בליווי הדמאות לוויין. מומלץ לפנות לדף העבודה בתום כל פרק 

במצגת, אך ניתן גם לרכז את דפי העבודה לסיום המצגת כולה.

ץ לשיעור רצף מומל

מס׳ הנושא 
שקופית

הנחיות למורה 

שימו לב: בחלק מהשקופיות יש הערות הבהרה ודגשים למורה בתוך המצגת.

•2–9מבוא  שקפים אלה נועדו ליצור עניין בתלמידים ולהציג להם את נושא הלוויינות והחישה מרחוק בהקשר 	
של הלוויין הישראלי־צרפתי החדש, ונוס. 

• כדאי להתעכב ולהגדיר על הלוח, עם התלמידים, מהי חישה מרחוק. 	
• *בחיי היום־יום אנו כבר רגילים לראות על מסך הטלוויזיה שלנו ובאתרי אינטרנט את השימוש הרחב 	

בהדמאות לוויין. בפעם הבאה שתצפו בחדשות, למשל, שימו לב שהמפות המוצגות הן למעשה הדמאות לוויין.

רזולוציה 
מרחבית

ככל שיש 
מרחבית 

ובמבנים 

רזולוציה 
רדיומטרית

26–25• פרק קצר על רזולוציה רדיומטרית. גם דוגמת החתול בתחילת המצגת היא רזולוציה רדיומטרית. 	
לפרק זה אין תרגיל התנסות. 

• מטרת הפרק להמחיש שוב שכל פיקסל בתמונה מקבל ערך, כלומר צבע, וכך נבנית התמונה.	

	 הסבר על רזולוציה, מושג שהתלמידים ודאי שמעו בעבר אך יתקשו להגדיר. נסו לתת לתלמידים  16–10
להגדיר את המושג בעצמם בתחילה, או לומר מה הם יודעים עליו, באיזה הקשר שמעו את המושג וכו׳. 

מהי רזולוציה

	 הסבר והדגמה על רזולוציה מרחבית. 
	 שימת דגש על כך שרזולוציות שונות מתאימות למשימות מחקר שונות. 

	 אם מתפתח דיון ניתן לציין גם את החסרונות של רזולוציות גבוהות, לדוגמה גודל הקובץ. 
יותר פיקסלים בתמונה נתונה, כל פיקסל מייצג שטח קטן יותר במציאות. זוהי רזולוציה 

גבוהה יותר, ופירושו של דבר קובץ כבד יותר )והדבר נכון לעוד סוגי רזולוציות(. 
	 למשימות רבות יש צורך ברזולוציה מרחבית גבוהה, למשל למחקרים העוסקים באוכלוסייה 

בשטח עירוני, או למשימות ריגול וליישומים צבאיים.

24–17
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הנחיות למורה  מס׳ 
שקופית

הנושא 

            השעמלאיה(תינייוולהמלצממואוןטפראמסתמלצממ)תילטיגידהנומתשהנבהההזקרלפ  הבושח	
שילוב של שלוש תמונות בצבעים שונים.

	  מסתכליםאנו כאשר שונים. גל באורכי הקרינה ועל האלקטרומגנטי הספקטרום על קצר הסבר נדרש 
אם למשל, המחקר. שטח ל עחדש מידע מקבלים אנו הנראה, לתחום מעבר כלומר לחושינו”, מעבר “
צבע לשניהם סינתטי: או אמיתי הדשא אם לדעת נוכל לא לבד, בהנראה בתחום אצטדיון על סתכל נ

ירוק. אולם אם נצלם את האצטדיון בתחום האינפרה־אדום הקרוב, ההבדל יהיה מובהק.
 בחיישניםמשתמשים אנו האנושית( בעין הנראה לתחום )מעבר לחושינו מעבר לראות שנוכל כדי * 

 המסוגליםחיים בעלי יש לוויינים. על המותקנות מרחוק חישה ומצלמות תרמיוֹת מצלמות כגון מיוחדים 
 הנחשיםמסוגי וכמה ־סגול האולטרהבתחום רואות למשל, דבורים, חיישנים. ללא אלו בתחומים לראות 

רואים בתחום האינפרה־אדום, כלומר ראייה תרמית.

39–27 רזולוציה 
ספקטראלית

התמקדות באחת התכונות החשובות של הלוויין – זמן חזרה.	 
ם( מייו)יוס ונל שומכר צקהרזחמןזל שותובשיבחון לדוה,רזחמן ז        והמם מידיתלהם ער הגדילאיכד	

ובסוגיות מחקר סביבתיות שהלוויין יאפשר לחקור )דוגמאות בהערות לשקופיות במצגת(.
 )הוריקנים,טבע אסונות כגון פתאומיות תופעות בחקר קריטי הוא לעיל, שהוזכר כפי חזרה, זמן * 

מידת את משפר קצר חזרה זמן יותר, הדרגתיים תהליכים בחקר וכד׳(. שיטפונות געש, הרי התפרצות 
הדיוק ואת איכותם של הנתונים המתקבלים )לדוגמה, השפעת התפשטות מחלה בשדה חקלאי(.

43–40 רזולוציה 
עיתית

המ  רשאפי ת:וונעיר  תולעהל  ושקבתי  םה  ובו   
תרומתו האפשרית של הלוויין ונוס למחקר סביבתי. 	 
וןידםייקתייןויולהתולוכיתאוינבה       םיידמלתהשראחל	 

הלווין לחקור ולמצוא ובאילו תחומים.

44 סיכום

7
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הפעילות לתלמיד

רזולוציה מרחבית 
מטרת המטלה היא להמחיש לתלמידים את המשמעות של גודל הפיקסל הנחוץ לזיהוי העצמים בתמונה. 

פרטים שלא ניתן להבחין בהם ברזולוציה של 30 מטר: שבילים קטנים, מבנים, שדות קטנים, פרטים בקו החוף וכד׳. הנחו את התלמידים .11
למצוא פרטים רבים ככל האפשר ולסמנם על ההדמאה המודפסת, או הקרינו על לוח מחיק וסמנו עם התלמידים את הפרטים.

מובן שיש אינסוף פריטים שאיננו יכולים לראות ברזולוציה של 5 מטרים: מכוניות, אנשים, עצים וכד׳..22
שאלת בונוס: יש לשים לב להבדל בין הדמאות לוויין של Google earth לבין תצוגת רחוב )Street view( הרזולוציה המרחבית .33

בתצוגת הרחוב היא אומנם גבוהה מאוד וניתן לראות פרטים שאי אפשר לראות מהלוויין, אבל החיסרון של תצוגת הרחוב הוא הרזולוציה 
העיתית והכיסוי המרחבי. תצוגת רחוב מצולמת אחת לכמה שנים ולכן אינה עדכנית.

רזולוציה ספקטראלית
מטרת המטלה היא להמחיש לתלמידים ששימוש בתחום שמעבר לאור הנראה )מעבר לחושינו(, מאפשר קבלת מידע חדש.

מה רואים כאשר בוחנים את יער יתיר באור אינפרה־אדום קרוב )מיוצג בהדמאה בצבע אדום(:.11
• השדות החקלאיים בולטים לעין לעומת היער, בשל צפיפות הצומח בשדות החקלאיים )ניתן לראות ב-earth Google שהיער דליל 	

מאוד ולכן כל פיקסל ביער מכיל גם צמחייה אך גם הרבה קרקע(.
• ערוצי הנחלים בסביבה המדברית מסביב ליער, שבתמונת הצבע הרגיל לא ברור אם יש בהם צמחייה, נראים אדומים בתמונת 	

האינפרה־אדום הקרוב, ודבר זה מלמד על נוכחות צמחייה.
דוגמה לאזורים שנראים דומים זה לזה בתמונת האור הנראה: שימו לב לשלושת הוואדיות ממזרח ליער )בצורת משולשים; מסומנים .22

בחיצים צהובים בתמונה מימין(. הגוון שלהם נראה דומה, אך כשבוחנים את השטח באור באינפרה־אדום קרוב הוואדי האמצעי נראה 
אדום פחות. מתברר אפוא שיש בו פחות צמחייה.

8
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איור 1: מימין הדמאה של יער יתיר באור הנראה. משמאל אותו אזור בצילום אינפרה־אדום קרוב )צבוע באדום(.

רזולוציה עיתית
מטרת המטלה היא להמחיש לתלמידים את השינויים הרבים המתרחשים באזור חקלאי ואת ניטורם באמצעות הלוויין.

 אסונות טבע וכן גידולים חקלאיים הם דברים שחל בהם שינוי בטווח זמן של יומיים, ולכן הלוויין ונוס רלוונטי מאוד למחקרים שעוסקים בהם..11
לעומתם, בתהליכים ארוכי טווח הקשורים באקלים העולמי, כמו התחממות גלובלית, המסת קרחונים, מִדבּוּר, הם תהליכים שאי אפשר 

להבחין בשינוי בהם בטווח של יומיים. 
השינויים שקל להבחין בהם יהיו בשטחים החקלאיים. אזורים שלא השתנו הם לרוב האזורים הטבעיים, כמו הר תבור עצמו, וכן .22

האזורים הבנויים.
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Subject: Physics, Geography
Age range: 12-16 years old
Complexity: medium
Lesson time required: 30 minutes per activity 
Cost: medium (10-30 euros per group)
Location: any indoor space with daylight
Includes the use of: webcam and computer
Keywords: Earth observation, Infrared light, 
Satellite imagery,  Physics, Geography.

Fast facts
This set of three activities will enable students 
to understand the electromagnetic spectrum 
and observe infrared radiation through the 
modification of a cheap webcam. It will 
enable discussion of how infrared radiation 
can be used to obtain information that is not 
available using visible light.  Students will 
also analyse satellite images providing them 
with a context to understand why it is useful 
to “see” in infrared. 

Brief description

Learning objectives

•	 Identify the different types of electromagnetic radiation. 
•	 Describe different applications of infrared light.
•	 Use tools available on the internet to collect and analyse satellite data.
•	 Understand how infrared light can be used to monitor the health of vegetation.
•	 Identify false colour and true colour satellite images.

 → INFRARED WEBCAM HACK  
Using infrared light to observe the world in a new way
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→ Summary of activities 

Summary of activities

Title Description Outcome Requirements Time

1 Hacking the 
webcam

To modify a webcam 
so that it sees in near-
infrared light rather 
than in visible light.

An Infrared webcam None 30 
minutes

2 Looking at 
objects with 
an infrared 
camera

To look at different 
types of objects, 
observing each in 
both visible and near-
infrared light.

To identify different 
applications of 
infrared light and 
understand how 
infrared light can 
be used to find out 
information that is 
not available using 
visible light.

Completion of 
Activity 1

30 
minutes

3 Looking at 
the Earth 
in infrared 
light

To analyse true colour 
satellite images and 
compare them to false 
colour images that 
visualise near-infrared 
light.

To understand how 
infrared light can be 
used to monitor the 
health of vegetation  
and why it is useful to 
“see” in infrared.

None 30 
minutes
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→ Introduction 

The electromagnetic spectrum categorises the electromagnetic radiation that exists, including 
infrared radiation(Figure 1). Most electromagnetic radiation emitted by the Sun is reflected or 
absorbed by Earth’s atmosphere. However, some radiation like visible radiation, radio waves, and 
part of infrared can pass through the atmosphere.

Objects with different surface features reflect and absorb the Sun's radiation in different ways. The 
reflected radiation contains information about the surface of the object, and enables us to see the 
colour and form of the object. The human eye can only see a very limited range of the spectrum, 
the visible light. However we can use different instruments to see what is invisible to us.  Earth 
observation satellites, for example, carry  scientific instruments that can see in the visible and the 
infrared range, as well as other ranges of the electromagnetic spectrum.

In this resource, we will focus on the near-infrared 
and visible parts of the spectrum. Infrared radiation 
is divided into different parts, just like visible light is 
divided into different colours. Near-infrared radiation, 
with its slightly longer wavelengths than visible 
light,is reflected by vegetation, delivering detailed 
information about plants on Earth. That is why this 
part of the electromagnetic spectrum is used in Earth 
bservation satellites to monitor Earth’s vegetation. 

radio microwaves infrared near 
infrared

ultraviolet x-ray gamma-ray

vi
si

bl
e

wavelength

10cm 1mm 10nm 0,01nm0,7µm 0,4µm1µm

↑The electromagnetic spectrum categorises different types of radiation, from the longest (radio) to the shortest 
(gamma ray) wavelengths.

Figure 1

↑ The European Sentinel-2 satellite carries an high-resolution 
multispectral imager with 13 spectral bands for a new 
perspective of our land and vegetation. 

Figure 2
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↑ Percentage of radiation reflected by a healthy plant for 
the wavelengths of visible light and near-infrared light.

Figure 3

Vegetation monitoring
Plants have a particular way of reflecting electromagnetic radiation. The chlorophyll in the plants 
absorbs light to get energy for the photosynthesis process. But only the red and blue part of the 
visible light are needed.  The green light is reflected, which explains why leaves appear green to us. 
The near-infrared light is not needed for the photosynthesis, therefore most of the light is reflected 
by the cell structure of the leaf.

Figure 3 shows the percentage of reflected radiation, also called reflectance, for a healthy plant. 
The blue light is absorbed almost completely by the chlorophyll, about 10% of the green light is 
reflected, and the red light is absorbed almost completely. Moving to slightly longer wavelengths, 
about 50% of the near-infrared light is reflected.  The 
combination of low visible reflectance and high near-
infrared reflectance is a characteristic of most plant 
types.

When a plant becomes less healthy, for example due 
to water scarcity, it reflects more of the visible red 
light and less of the near-infrared light. This can also 
be seen in autumn when leaves turn yellow and red, 
due to phenology. The bigger the difference between 
the reflected red and near-infrared light, the healthier 
a plant is. This fact is used in Earth observation to 
calculate indices which help us obtain information 
about the health of plants on a large scale.

→ Background 

True colour and false colour images
A way to visualise reflected near-infrared light is to create false colour images, making use of the 
fact that cameras carried by satellites can ‘see’ more than just the visible part of light. A false colour 
image uses at least one wavelength outside the visible range, and as a result the colours in the final 
image may not be what we expect them to be. For example, grass is not always green! A true colour 
image combines actual measurements of reflected red, green, and blue light. The result looks like 
the world as we are used to seeing it. 

In the figures below, we can see a true colour image(Figure 4) and a false colour image (Figure 5) 
of the town of Birkerød in Denmark. The false colour image shows reflected near-infrared light as 
red, red light as green, and green light as blue. Since plants reflect more near-infrared than green, 
vegetation areas will appear red.  The brighter and richer red indicates a higher reflectance in the 
near-infrared, therefore indicating more and healthier vegetation. In the true colour image, the 
vegetation appears green, like we are used to seeing it. 

Overall, the reflectance in the visible light is much lower than the one in the near-infrared, and the 
image is darker. This makes it harder to identify water bodies in the real colour image, because the 
reflectance is also very low. In the false colour image, the water bodies can be clearly identified due 
to the high difference in reflectance for water and the surrounding vegetation (high reflectance). 
Water absorbs most of the incoming light– near-infrared, red, and green – and therefore has a very 
low reflectance.
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↑ True colour image of the town of Birkerød in Denmark.

Figure 4

↑ False colour image of the town of Birkerød in Denmark.

Figure 5
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Equipment (for each infrared camera) 

•	 1 webcam with manual focus ring on the front 
•	 1 drawing pin or a similar pin
•	 Two pieces of exposed photographic film or a polarising 

filter large enough to cover the lens
•	 Clear tape
•	 Scissors
•	 Computer

Exercise
Instructions for hacking the webcam are provided in the 
student activity sheet. Cheap webcams are usually easier to disassemble than more expensive 
models. The example used in the student activity sheet is a Trust 17405. Refer to the Infrared Webcam 
Hack video for a video guide of how to set up and carry out the experiment. Students can work in 
small groups. Alternatively, the webcams can be modified in advance, and students can run Activities 
2 and 3. The principal modification to be performed is to remove the infrared filter. Depending on the 
conditions of light it may be necessary to add a visible light filter.

Filters work by blocking light within a specific wavelength range. Two polarised filters are required to 
block visible light. This is because the wave may be moving up and down, or side to side (this single-
plane oscillation is called polarisation). Two filters ensure that all the visible radiation is blocked.

Most webcams are “plug and play” – the software required to run them is already on the camera. 
However, depending on the webcam you use, there is a small chance that it may be necessary to 
install the operating software before the webcam is plugged into a computer.

Teachers should make sure that students understand that the hacked camera is a near-infrared 
camera, not a thermal imaging camera!

The sensors used in digital cameras are sensitive to light with wavelengths up to around 1 µm (near-
infrared). Thermal imaging cameras use infrared at longer wavelengths. These cameras are sensitive 
to the infrared radiation which is emitted by all objects with a temperature above absolute zero and 
not visible to our eyes. The higher the temperature of an object, the shorter the wavelength of the 
emitted radiation will be.  When the temperature of an object is high enough, the radiation emitted 
can be imaged using near-infrared cameras or our very own eyes. We can see this in our kitchen: 
when a toaster reaches very high temperatures, it turns red! 

In this activity, students will modify a webcam so that it sees in near-infrared light rather than in 
visible light. 

→ Activity 1 – Hacking the webcam

↑ Infrared webcam hack video. See links 
section.

Figure 6
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In this activity, students will look at different types of objects, observing each in both visible with 
their eyes and near-infrared light with the modify webcam. 

Equipment
•	 Infrared camera (from activity 1) 
•	 Remote control 
•	 Led light 
•	 Candle 
•	 Healthy plant and fake plastic plant 

Exercise
Daylight is necessary for the experiment with the plants. The experiment should always be tested 
in the classroom before doing it with the students.  Depending on the light conditions in the room 
it may be necessary to block the visible light and to put the polarising filter/exposed film in front of 
the lens. 

Students should observe the different objects and fill the table in the student activity sheet, where 
they describe how they see each object in both types of light, and then give an interpretation for 
their observations. 

Results

See the table on the next page.

Discussion

The remote control, the candle and the LED light send out (emit) infrared radiation. With the help of 
the hacked webcam, students can ‘see’ infrared light, e.g. emitted from the remote control. Looking 
at light sources from daily life, like the LED light and the candle, the infrared camera allows us to 
investigate which one emits less infrared light and is therefore more energy-efficient. 

Looking at the plants with the hacked webcam, what we see is reflected daylight. As the real plant 
reflects a lot of near infrared light and this is related to a healthy plant structure, we can understand 
how healthy a plant is when looking at it in infrared light. 

→ Activity 2: Looking at objects with an infrared camera
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Exercise

The satellite images were downloaded from the 
EO Browser, an online application where you can 
access ready-to-use satellite images in true colour, 
false colour showing near-infrared, and many more 
products! You can explore this tool and start by 
showing the students their hometown in the summer 
and the winter with true and false colour images. 
Students can also research their own examples. 
 
 

1.	 Observe the true colour image below taken by the Sentinel-2 satellite (Northern Germany, 
28.11.2016).  Which of the following features can you identify? 

o Agriculture fields 
o Snow
o Forest 
o Clouds
o River
o Lakes 
o Streets 
o Cars
o Buildings
o People

Teachers can ask students why there are no cars or people visible in the image. The reason is 
the spatial resolution of the satellite image. The spatial resolution is the area on Earth that is 
represented by one pixel of the satellite image. The satellite image in this exercise has a spatial 
resolution of 10m, therefore a pixel represents 10m x 10m on Earth. At this resolution, people and 
cars cannot be identified.

2.	 Observe the false colour image. 
a.	 Try to find the features you previously observed. Can you also identify new features? 

 
All features can be identified. Water bodies, especially the ones in the forest, can now be 
distinguished much more easily.  

b.	 What surface type/feature appears red in the false colour image? Distinguish between 
bright red and dark red.  
 
Vegetation/plants appear red. The fields are bright red and the forest is dark red. The 
structure of the forest can be identified due to the shadow of the treetops.

In this activity students will analyse satellite images.  The activity introduces true colour images and 
compares them to false colour images that visualise near-infrared radiation. It provides students 
with a context so that they understand why it is useful to “see” in near-infrared. 

↑ Screenshot of the EO Browser online tool (08.08.2018).

Figure 7

→ Activity 3: Looking at the Earth in infrared light 
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3.	 Describe the differences and similarities between the true colour image in Exercise 1 and the 
false colour image in Exercise 2. 

In the true colour image, the vegetation (grass and forest) appears in very dark green, and the 
bare soil in brown. Buildings and roads are grey. In the false colour images, the grass and forest 
appear in red. 

Water bodies (lakes and rivers) are very dark in both images, and large buildings that could 
represent industrial areas are very bright/white in the true and false colour images. 

4.	 Discuss the advantages and disadvantages of the true colour and false colour images 
showing near-infrared light. 

Overall the reflectance displayed in the true colour image is much lower than the one in the 
false colour image, and the image is darker. This makes it harder to identify water bodies in the 
real colour image, because the reflectance is also very low. In the false colour image, the water 
bodies can be clearly identified due to the difference in reflectance values for water (very low 
reflectance) and the surrounding vegetation (high reflectance). 

In the false colour images, more details of the vegetation can be identified. The reason is the high 
reflectance in combination with the shadows that occur due to the structure of the treetops. 
The angle of incidence of the Sun has to be taken into account when discussing shadows: the 
image was taken in November, meaning that the angle of incidence is lower than in the summer, 
therefore the shadows are bigger and rough surfaces appear darker. 

→ General discussion

These practical activities can be used to discuss the electromagnetic spectrum, Earth observation 
applications, and the monitoring of vegetation on our planet. The activities also provide a setting for 
the discussion of the impact of space technology on our future and on our everyday lives.
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Our eyes can’t see infrared light, but we can use an infrared camera to see this ‘invisible’ light. The 
light we can see – visible light –  is only a very small part of the electromagnetic spectrum. Figure 
A1 shows the different types of radiation and their wavelengths on the electromagnetic spectrum 
and gives examples of what certain wavelengths are used for. 

 → INFRARED WEBCAM HACK 
Using infrared light to observe the world in a new way

Infrared light is divided into different parts, just like visible light is divided into different colours. 
Near-infrared light, the part closest to red light, can be easily detected by the sensors used in 
digital cameras. Also Earth observation satellites carry scientific instruments designed to detect 
electromagnetic emissions from constituents of the Earth's surface and atmosphere allowing us 
to observe our planet in a new way. 

radio microwaves infrared near 
infrared

ultraviolet x-ray gamma-ray

vi
si

bl
e

wavelength

10cm 1mm 10nm 0,01nm0,7µm 0,4µm1µm

↑The electromagnetic spectrum categorises different types of radiation in order of wavelength, from the longest (radio) to the 
shortest (gamma-ray)

Figure A1

AstroPi IR
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Did you know?
Onboard the International Space Station (ISS) there is a 
very special infrared camera that can be used to take great 
pictures of Earth! The infrared camera is part of Astro 
Pi, a small computer with a set of sensors and gadgets 
that can be used to run great scientific experiments. 
Teams of students can program this small computer by 
participating in the European Astro Pi Challenge and 
use the Astro Pi’s near-infrared camera to measure, fot 
example,  the health and density of vegetation on Earth.
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In this activity you are going to make an infrared camera by hacking a normal webcam. Usually, 
in all digital cameras and webcams there is an infrared filter behind the lens that filters out all 
infrared light in order to mostly capture visible light. This filter needs to be removed. Here you find 
simple instructions on how to hack your webcam to be able to see in near-infrared. 

Equipment

•	 1 webcam with a manual focus ring on the front
•	 1 pin or scalpel
•	 2 pieces of exposed photographic film or polarising filter 
•	 Clear tape
•	 Scissors

Exercise

1.	 Disassemble the camera 

Unscrew the focus ring in an anticlockwise direction until 
the whole lens can be pulled out. 

2.	 Remove the infrared filter 

On the inside of the lens there is a small piece of plastic 
with a red/green tint (see the left lens in Figure A2). This is 
the infrared filter. Using a pin or a scalpel, remove the filter. 
Be careful: this should be done very gently, as the filter can 
break if too much pressure is used.

3.	 Assemble the camera 

Screw the lens back onto the webcam and plug the 
webcam into a computer. It may be necessary to open 
video software to view an image through the webcam. Use 
the focus ring to adjust the focus until you have a clear 
image of the object that you wish to look at.

The infrared webcam is now ready to be used!

Tip: If your image appears very bright on the screen, there 
is too much visible light which needs to be filtered out. For 
this, two pieces of polarising filter or exposed photographic 
film have to be put in front of the lens. Make sure the two 
pieces are put on one another perpendicularly. The filters 
can also be fixed with clear tape.

↑ How to make an infrared camera.

Figure A2

↑ Polarising filters.

Figure A3

→ Activity 1: Hacking the webcam
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In this activity, you will use the hacked infrared webcam to make your own experiment about how 
objects look like when seen with visible and infrared light.

Equipment

•	 Infrared camera (from activity 1)
•	 Remote control
•	 Led light
•	 Candle
•	 Healthy plant and fake plastic plant 

Exercise

1.	 Look at the different objects firstly with your eyes (visible light) and then through the webcam 
(infrared light).

2.	Fill in the table on the next page with your observations.

→ Activity 2: Looking at objects with an infrared camera

Discussion

Taking into consideration the results from your experiment, discuss with other students how 
infrared light can help us better understand  what we see. Summarise your conclusions below. 

Did you know?
The European Space Agency (ESA) has helped develop lots 
of satellites that use different types of cameras for looking 
at Earth. A group of missions called the Sentinels aim to 
improve our understanding and management of the Earth’s 
environment. One of the missions is called Sentinel-2 and 
consists of two twin satellites. The cameras onboard the 
satellites take images in visible as well as in infrared light, 
and they cover the whole planet every five days! Sentinel-2 
can be used to monitor plant growth,  map changes in land 
cover, and  monitor the world’s forests.
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Infrared cameras are used in Earth observation satellites. With the help of computers, we can then 
visualise the light we cannot see with our own eyes. What comes out is a ‘false colour image’. If we 
display the light visible to human eyes, we call it a ‘true colour image’. A true colour image combines 
actual measurements of reflected red, green, and blue light, and shows the world as we see it. A 
false colour image uses at least one wavelength outside the visible range. As a result, the colours 
in the final image may not be what we expect them to be.  For example, grass is not always green!

In this activity you will analyse satellite images and compare true colour images with false colour 
images. Will you be able to find the differences? 

Exercise

1.	 Observe the true colour image below taken by the Sentinel-2 satellite (Northern Germany, 
28.11.2016).  Which of the following features can you identify? 

→ Activity 3: Looking at Earth in infrared light 

•	 Agriculture fields 
•	 Snow
•	 Forest 
•	 Clouds
•	 River

•	 Lakes 
•	 Streets 
•	 Cars
•	 Buildings
•	 People

↑ True colour image taken by the Sentinel-2 satellite. Contains modified Copernicus Sentinel data [2017] 
processed by Sentinel Hub. 

Figure A4
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2.	 Observe the false colour image taken by the Sentinel-2 satellite (Northern Germany, 28.11.2016). 

Note: The false colour image shows reflected near-infrared light as red.

a.	 Try to find the features you previously observed. Can you also identify new features? 
 
 
 
 
 
 

b.	 What surface type/feature appears red in the false colour image? Distinguish between bright 
red and dark red.

↑ False colour image taken by the Sentinel-2 satellite. Contains modified Copernicus Sentinel data [2017] 
processed by Sentinel Hub. 

Figure A5
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3.	 Describe the differences and similarities between the true colour image in Exercise 1 and the 
false colour image in Exercise 2. 

4.	 Discuss the advantages and disadvantages of the true colour images and the false colour 
images showing near-infrared light.

Did you know?
This image from the Sentinel-2A satellite shows how 
Saudi Arabia’s desert is being used for agriculture. The 
circles come from an irrigation system, where the long 
water pipe rotates around a well at the centre. It is a 
false colour image and the near-infrared is displayed 
in red. Plants reflect most of this light. These high 
reflection values explain the bright red of the irrigated 
fields. Near-infrared light is often used to monitor 
vegetation from space. 

Co
pe

rn
ic

us
 S

en
tin

el
 d

at
a 

(2
01

5)
/E

SA



20teach with space – infrared webcam hack | P15

ESA teach with space – infrared webcam hack video | VP15:
esa.int/spaceinvideos/Videos/2017/06/Infrared_webcam_hack_-_using_an_infrared_webcam_
to_observe_the_world_in_a_new_way_-_classroom_demonstration_video_VC15

ESA classroom resources: 
esa.int/Education/Classroom_resources

ESA’s Earth Observation missions
www.esa.int/Our_Activities/Observing_the_Earth/ESA_for_Earth

Sentinel -2
www.esa.int/Our_Activities/Observing_the_Earth/Copernicus/Sentinel-2

Online platform to access satellite imagery 
https://apps.sentinel-hub.com/eo-browser

Video Sentinel-2: an introduction
esa.int/spaceinvideos/Videos/2015/07/Sentinel-2_an_introduction

ESA Earth Observation Image of the Week
esa.int/spaceinimages/Sets/Earth_observation_image_of_the_week

ESA resources

ESA space projects

Extra information

→ Links

http://www.esa.int/spaceinvideos/Videos/2017/06/Infrared_webcam_hack_-_using_an_infrared_webcam_to_observe_the_world_in_a_new_way_-_classroom_demonstration_video_VC15
http://www.esa.int/spaceinvideos/Videos/2017/06/Infrared_webcam_hack_-_using_an_infrared_webcam_to_observe_the_world_in_a_new_way_-_classroom_demonstration_video_VC15
http://www.esa.int/Education/Classroom_resources
http://www.esa.int/Our_Activities/Observing_the_Earth/ESA_for_Earth
https://www.esa.int/Our_Activities/Observing_the_Earth/Copernicus/Sentinel-2
http://biosphere2.org 
https://apps.sentinel-hub.com/eo-browser/
http://biosphere2.org 
https://www.esa.int/spaceinvideos/Videos/2015/07/Sentinel-2_an_introduction 
http://www.esa.int/spaceinimages/Sets/Earth_observation_image_of_the_week
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Enhanced mid-infrared emission from CH4 and other strato-
spheric hydrocarbons has been observed coincident with 
Jupiter’s ultraviolet auroral emission1–3. This suggests that 
auroral processes and the neutral stratosphere of Jupiter 
are coupled; however, the exact nature of this coupling is 
unknown. Here we present a time series of Subaru-COMICS 
images of Jupiter measured at a wavelength of 7.80 μm on 
11–14 January, 4–5 February and 17–20 May 2017. These data 
show that both the morphology and magnitude of the auroral 
CH4 emission vary on daily timescales in relation to external 
solar-wind conditions. The southern auroral CH4 emission 
increased in brightness temperature by about 3.8 K between 
15:50 ut, 11 January and 12:57 ut, 12 January, during a pre-
dicted solar-wind compression. During the same compres-
sion, the northern auroral emission exhibited a duskside 
brightening, which mimics the morphology observed in the 
ultraviolet auroral emission during periods of enhanced solar-
wind pressure4,5. These results suggest that changes in exter-
nal solar-wind conditions perturb the Jovian magnetosphere 
in such a way that energetic particles are accelerated into the 
planet’s atmosphere, deposit their energy as deep as the neu-
tral stratosphere, and modify the thermal structure, the abun-
dance of CH4 or the population of energy states of CH4. We 
also find that the northern and southern auroral CH4 emission 
evolved independently between the January, February and 
May images, as has been observed at X-ray wavelengths over 
shorter timescales6 and at mid-infrared wavelengths over lon-
ger timescales7.

Images at 7.80-μm were obtained using Subaru-COMICS 
(Cooled Mid-Infrared Camera and Spectrograph) on 11–14 
January, 4–5 February and 17–20 May 2017 (ut). A subset of these 
images is shown in Figs. 1 and 2, which respectively show southern 
and northern polar projections at times when the southern auro-
ral region (SAR; 330°–60° W in system III longitude) and northern 
auroral region (NAR; centred at 180° W in system III longitude) 
were visible on the disk of Jupiter. These images demonstrate vari-
ability of both the magnitude and morphology of the 7.80-μm CH4 
emission over timescales of days to months. Further details of the 
measurements and processing are provided in the Methods and 
Supplementary Information.

In terms of the morphology, the strongest 7.80-μm emission in 
both auroral regions appears enclosed inside the statistical mean 
of the ultraviolet emissions of the main oval8. Figure 3 shows the 
results of ionosphere-to-magnetosphere mapping model calcula-
tions (see Methods) and demonstrates that the positions of strongest 
CH4 emission in the auroral regions predominantly correspond to 
radial distances of more than 95 Jupiter radii (RJ); beyond the day-
side magnetopause9 and potentially on open field lines. The excep-
tion is the morphology of the emission in the NAR at 16:13 ut on 
12 January (Fig. 2a), when a poleward, duskside feature of stronger 
emission parallel to the eastern boundary of the statistical oval was 
observed. This feature was not present less than 24 h later (Fig. 2b)  
and we have ruled out variable atmospheric seeing conditions 
between these two nights as the source of this intermittent mor-
phology (see Supplementary Fig. 2). A similar morphology for 
the ultraviolet auroral emission, described as the ‘duskside-active 
region’, has also been observed during periods of enhanced solar-
wind pressure, and has been attributed to duskside/nightside recon-
nection associated with the Vasyliunas or Dungey cycles or velocity 
shears caused by changing flows on the nightside magnetospheric 
flank4,5,10. Ionosphere-to-magnetosphere mapping calculations map 
73° N, 155° W (an example location covered by the duskside fea-
ture) to roughly 100RJ at a local time of 19.0 h. Unlike the NAR, 
the SAR does not appear to exhibit any smaller-scale morphology, 
although its position at a comparably higher latitude than the NAR 
reduces the effective spatial resolution and thus the ability to resolve 
smaller-scale features. In contrast to previous studies7,11, we find 
no obvious movement in the longitudinal position of the southern 
auroral CH4 emission.

To quantify temporal changes in the magnitude of the auroral 
emission and its relation to solar-wind conditions, we calculated the 
residual radiance between each auroral region and a lower-latitude 
zonal mean, henceforth named the auroral–quiescent residual ΔTb 
(see Methods). Figure 4 compares the auroral–quiescent residual 
and uncertainty for both auroral regions and the results of a solar-
wind propagation model (see Methods). The solar-wind propagation 
model predicts the arrival of a solar-wind compression at Jupiter at 
approximately 22:00 ut on 11 January, when the dynamical pressure 
was predicted to have increased from less than 0.1 nPa to 0.7 nPa. 
The auroral–quiescent residual increased from ΔTb = 8.0 ± 0.3 K at 
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15:50 ut 11 January to ΔTb = 11.8 ± 0.5 K at 12:57 ut 12 January—a 
net increase of 3.8 ± 0.6 K in brightness temperature Tb or a roughly 
25% increase in radiance. Although the viewing geometries of the 
SAR differ between these two images, forward-model calculations 
of the 7.80-μm emission (see Methods) at these two geometries dif-
fer by only 0.7 K in Tb and thus cannot explain all of the observed 
change. From 12:57 ut 12 January to 12:33 ut 14 January, the SAR 
returned to a brightness similar to that observed pre-compression; 
this brightness then remained roughly constant in all subsequent 
measurements (although variability between these measurements 
cannot be ruled out).

The NAR was not visible on the disk of Jupiter in the images taken 
on 11 January (before the solar-wind compression) and so we do not 
know whether it also brightened during the same solar-wind com-
pression. However, the aforementioned duskside-active emission 
captured by COMICS at 16:13 ut on 12 January (Fig. 2a) occurred 
shortly after the solar-wind compression, which reiterates that this 
morphology is probably driven by enhanced solar-wind conditions 
and their perturbing effect on the nightside magnetosphere. From 
16:13 ut 12 January to 12:30 ut 13 January, the auroral–quiescent 
residual of the NAR was constant in time within uncertainty and 

subsequently decreased significantly to 1.2 ± 1.1 K. Similarly, mea-
surements in May show the NAR emission to be weak and com-
parable with, if not weaker than, lower-latitude regions. From 18 
May to 19 May, there was a marginal increase in the emission in 
the NAR during a small solar-wind compression (about 0.2 nPa); 
however, the change in emission was not significant with respect 
to measurement uncertainty. Without measurements between  
13 January, 5 February and 18 May, it is uncertain whether the  
NAR emission was consistently weaker in time or whether it exhib-
ited short-term (daily or weekly) variability and the measurements 
by chance captured periods of weaker emission. We favour the  
latter possibility given that the measurements on 5 February and 
17 May were preceded by at least seven days of steady, low-pressure 
(less than 0.05 nPa) solar-wind conditions. We note the results of a 
recent study12, which showed that the total auroral power during 
a solar-wind compression exhibited a positive correlation with the 
duration of steady, quiescent solar-wind conditions preceding the 
compression. We also note that the northern auroral C2H6 emis-
sion was shown in previous work to weaken during periods of low  
solar activity, which similarly suggests a connection with solar-wind 
conditions on longer timescales13.
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Fig. 1 | Southern polar projections of Jupiter’s 7.80-μm CH4 emission. a–f, Images were recorded by Subaru-COMICS on 11 January (a), 12 January (b), 
14 January (c), 4 February (d), 17 May (e) and 20 May (f) 2017. These are a subset of the observations shown in Supplementary Fig. 1, when the  
SAR (330°–60° W, system III) was fully or partially visible on the disk. The colour scale indicates the brightness temperature. Solid light-blue lines 
represent the statistical-mean position of the ultraviolet auroral main oval emission8. For consistency with the Juno science team and the community 
supporting the Juno mission, increasing system III longitude is shown anticlockwise. All latitudes and longitudes are in degrees and are planetocentric 
and System III, respectively.

Nature Astronomy | www.nature.com/natureastronomy

http://www.nature.com/natureastronomy


LettersNature Astronomy

16:13 UT, 12 January 2017

240 120

756045

12:30 UT, 13 January 2017

240 120

7560

15:54 UT, 5 Febuary 2017

240 120

756045

09:35 UT, 18 May 2017

240 120

7560

05:37 UT, 19 May 2017

240 120

756045

09:55 UT, 20 May 2017

240 120

7560

144 148 152 156 160

Brightness temperature (K)

45

45

45

a b

c d

e f

Fig. 2 | Northern polar projections of Jupiter’s 7.80-μm CH4 emission. a–f, Images were recorded by Subaru-COMICS on 12 January (a), 13 January (b),  
5 February (c) 18 May (d), 19 May (e) and 20 May (f) 2017. These are a subset of the observations shown in Supplementary Fig. 1, when the NAR (centred at 
180° W, system III) was fully or partially visible on the disk. The colour scale indicates the brightness temperature. Solid light-blue lines represent the statistical-
mean position of the ultraviolet auroral main oval emission8. All latitudes and longitudes are in degrees and are planetocentric and System III, respectively.
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Fig. 3 | Polar projections and regions chosen for analysis. a,b, Subaru-COMICS 7.80-μm images recorded at 12:57 ut, 12 January 2017 (a; shown in the 
south) and 12:30 ut, 13 January 2017 (b; shown in the north), as in Figs. 1 and 2, shown again here for comparison with the ultraviolet main oval statistical 
mean8 and contours that map to different distances in the magnetosphere of Jupiter, as indicated in the legend. The region enclosed within the 95RJ 
contour is interpreted to map to the outer magnetosphere/magnetopause. Regions A and L (enclosed within the magenta and green regions) were chosen 
to represent the auroral and non-auroral regions, respectively, for calculations of the relative radiance and its variability, as detailed in the Methods.  
All latitudes and longitudes are in degrees and are planetocentric and System III, respectively.

Nature Astronomy | www.nature.com/natureastronomy

http://www.nature.com/natureastronomy


Letters Nature Astronomy

The daily variability of the southern auroral CH4 emission sug-
gests that the source of the variability is in the upper stratosphere/
mesophere to thermosphere region (10–1 μbar), where the thermal 
inertial timescales are much shorter (around four weeks at 1 μbar)14 
compared to the lower stratosphere (around 30 weeks at 1 mbar)14. 
We suggest that the observed changes in CH4 emission result  
from: (1) variable auroral-related heating of the 10- to 1-μbar level, 
(2) auroral-driven changes in the vertical CH4 profile near its homo-
pause at roughly 1 μbar, (3) variable non-local thermodynamic 
equilibrium (non-LTE) effects that modify the population of energy 
states of CH4 or (4) some combination of (1)–(3). To explore the 
first two possibilities and to determine what magnitude and type 
of change in the vertical temperature or CH4 profiles could yield an 
increase in Tb of 3–4 K at 7.80 μm, we performed a series of radia-
tive-transfer calculations using NEMESIS (see Methods).

As shown in Supplementary Fig. 5a,b, assuming the CH4 abun-
dance is held fixed, a 3–4-K change in Tb would require either:  
(1) the pressure level of the mesosphere–thermosphere transition to 
move deeper in the atmosphere by approximately a pressure-scale 
height or (2) the lapse rate in the thermosphere to increase by a 
factor of 2. The former corresponds to a total, atmospheric tem-
perature increase of more than 100 K at the 0.5-μbar level, assuming 
a thermospheric lapse rate similar to that measured during Galileo’s 
descent15, whereas the latter corresponds to a total, atmospheric 
temperature increase of about 20 K at 0.5 μbar. In steady state, ther-
mospheric general circulation models show that the mesosphere-
to-thermosphere transition pressure is deeper in the auroral regions 
compared to the non-auroral regions16,17. Yates et al.18 performed 
time-dependent thermospheric circulation modelling to investigate 

the response of the thermospheric structure and circulation to solar-
wind compressions and expansion events. Between steady and com-
pressed solar-wind conditions, the model predicted a warming of 
around 20 K and an increase in lapse rate near 70°N due to increased 
rates of joule heating at pressures lower than 1 μbar (with the lower 
model boundary set at 2 μbar). This is consistent with the two-fold 
increase of the thermospheric lapse rate required to brighten the 
7.80-μm emission by 3–4 K, as detailed above.

As shown in Supplementary Fig. 5c, assuming a fixed vertical 
temperature profile, increasing the altitude of the CH4 homopause 
(with respect to the Moses et al.19 model A CH4 profile) by greater 
than a pressure-scale height would yield a 3–4-K increase in Tb at 
7.80 μm. At the 0.2-μbar level, this would correspond to an increase 
in the volume mixing ratio of the order of 10−4. In solving the verti-
cal continuity equation assuming that the change in volume mixing 
ratio is driven entirely by advection and not a chemical source (that 
is w = (−ΔX/Δt)/(ΔX/Δz), where w is the vertical velocity, X is the 
volume mixing ratio, t is time and z is height), a change in vertical 
wind of 2.7 cm s−1 with respect to the steady state would be required. 
The Bougher et al. thermospheric model16 predicts vertical winds 
near 70°S of approximately 50 cm s−1 at the 0.2-μbar level in steady 
state, and thus a change in vertical wind of 2.7 cm s−1 is reasonable. 
A higher-altitude homopause of CH4 (and other hydrocarbons) in 
Jupiter’s auroral regions was also found to optimize the consistency 
between Juno and Hisaki measurements20.

Non-LTE effects are likely to be important at the altitudes where 
the source of variability has been inferred or could itself be the 
driver of the observed variability. In the absence of a strong radiation 
source, classical non-LTE effects become non-negligible at pressures 
below 0.1 mbar, where collisional timescales become longer than the 
spontaneous radiative lifetime21–23. Without a sufficient number of 
thermal collisions, the population of rotational and vibrational ener-
gies deviates from the translational energy population and thus can 
no longer be described as a Boltzmann distribution. In comparison 
to non-auroral regions, the upper-stratospheric heating present in 
Jupiter’s auroral regions7,24,25 also yields a larger contribution of pho-
tons at mid-infrared wavelengths from pressure levels where classi-
cal non-LTE processes become non-negligible. In addition, currents 
of electrons and ions in Jupiter’s auroral regions and the resulting 
charged-particle collisions and dissociative recombinations may 
induce a non-Boltzmann population of the excited energy states of 
CH4. A further process might be ‘H3

+ shine’, whereby the downward 
flux of H3

+ emission in lines in the 3–4 μm range ‘pump’ overlapping 
CH4 ν3 lines, exciting the vibrational modes and thereby modifying 
the population of lines responsible for the ν4 band at approximately 
7.80 μm (ref. 26). Modelling of the aforementioned non-LTE pro-
cesses will be the subject of future work.

We cannot distinguish between temperature, CH4 abundance 
and non-LTE effects driving the variable CH4 emission observed 
between 11 and 12 January 2017. Nevertheless, all of these processes 
describe a direct coupling of the neutral stratosphere in Jupiter’s 
auroral regions to the external magnetosphere of Jupiter and solar-
wind environment. Although daily variability of the northern 
auroral C2H4 and C2H6 emission has been observed in previous 
studies27,28, we believe that the results presented here represent a 
substantial advance in the understanding of this phenomenon. First, 
the availability of solar-wind measurements and their modelled  
propagation to Jupiter’s orbit allow the variability of the CH4 emis-
sion to be tentatively linked to external solar-wind changes and their 
perturbing effect on the magnetosphere. Second, COMICS imaging 
at high-diffraction-limited spatial resolution allows the morphol-
ogy of the CH4 emission and its variability to be resolved at finer 
spatial details and mapped to the outer magnetosphere/magneto-
pause using ionosphere-to-magnetosphere mapping calculations. 
Auroral-related heating and chemistry dominate the forcing of the 
thermal structure and composition at Jupiter’s poles7,24,25; our results 
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Fig. 4 | Auroral–quiescent residual over time. a,b, The residual 7.80-μm 
brightness temperature ΔTb (left axis) between region A and region L, as 
described in the text and Methods, are shown as red circles with error bars. 
Results are shown for January 2017 (a) and May 2017 (b). Predicted solar-
wind dynamical pressure at Jupiter (right axis; see Methods) is shown 
as the solid black line, with horizontal error bars showing the potential 
time error. The data suggest a brightening of Jupiter’s southern auroral 
CH4 emission in response to a solar-wind compression at approximately 
22:00 ut on 11 January 2017.
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suggest that these processes are directly connected to the external 
magnetosphere. This phenomenon could therefore be ubiquitous 
for rapidly rotating Jupiter-like exoplanets with an internal plasma 
source around a magnetically active star29. In particular, magnetohy-
drodynamic simulations of a hot Jupiter at a close orbital separation 
of 0.05 au from its host star predict auroral powers several orders of 
magnitude larger than on Earth, affecting both polar and equato-
rial regions30. The coupling of the neutral stratosphere and magne-
tosphere of Jupiter presented here may therefore be important in 
the near-future characterization of Jupiter-like exoplanets from the 
James Webb Space Telescope and of directly imaged planets whose 
atmospheres are sensed predominantly at higher latitudes.

Methods
COMICS 7.8-μm images. The COMICS31,32 instrument is mounted at the 
Cassegrain focus of the Subaru Telescope, which is located at the Mauna Kea 
Observatory (approximately 4.2 km above sea level). Subaru’s 8.2-m primary 
aperture provides a diffraction-limited spatial resolution of approximately 0.24″ 
at 7.8 μm, which corresponds to a latitude–longitude footprint of approximately 
2.5° × 2° at ±70° latitude. COMICS provides both imaging and spectroscopic 
capabilities over a spectral range of approximately 7–25 μm. Images are measured 
on a 320 × 240 array of Si:As blocked impurity band pixels each with a scale of 
0.13″, which provides a total field of view of 42″ × 32″. Images can be measured 
over a number of discrete filters in both the N band (7–13 μm) and Q band 
(17–25 μm). We focus on images obtained in the 7.80-μm filter, which is sensitive 
to Jupiter’s stratospheric CH4 emission (Supplementary Fig. 3). Images were 
measured on 11–14 January, 4–5 February and 17–20 May 2017. Measurements 
were performed during periods when Jupiter was available at airmasses lower 
than 3. The full disk of Jupiter (with equatorial diameters of approximately 36″ 
in January, 39″ in February and 42″ in May) could not be measured in a single 
image by the COMICS field of view. In the January and February measurements, 
the full disk of Jupiter was measured using a 2 × 1 mosaic of individual images 
centred at Jupiter’s mid-northern and mid-southern latitudes. In May, a 2 × 2 
mosaic was conducted owing to Jupiter’s larger size during this time period. For 
each individual image, A-frames (of Jupiter) and B-frames (dark sky 60″ north 
of Jupiter) were continuously recorded over a total exposure time of 20 s. Further 
details of the measurements presented here are provided in Supplementary Table 1.

Imaging processing, calibration and error handling. Images were processed and 
calibrated using the Data Reduction Manager. A −B subtraction was performed 
to remove telluric sky emission. The resulting images were then divided by a 
‘bad pixel mask’ that accounts for corrupted pixels (due to cosmic ray damage, 
bright star saturation, manufacturer flaws, and so on) and by a flatfield to remove 
variations in pixel-to-pixel sensitivity across the detector. A limb-fitting procedure 
was used to assign latitudes, longitudes and local zenith angles to each pixel on the 
disk of Jupiter, using the known sub-observer latitude and longitudes at the time of 
each exposure. The absolute radiometric calibration of the images and correction 
for telluric absorption was conducted by scaling the observed lower-latitude 
zonal-mean brightness to those measured by Cassini’s CIRS33 instrument during 
the 2001 flyby. This procedure is described in greater detail in Fletcher et al.34. 
We chose this method of calibration because experience with past mid-infrared 
images of Jupiter and Saturn has demonstrated that the radiometric calibration 
using a standard star provides inconsistency between datasets obtained on different 
nights34,35. As detailed further in the Auroral–quiescent residual calculations 
section of Methods, our analysis of the images involved comparing the relative 
brightness of the auroral regions with a lower-latitude region over time, which 
negates errors introduced by offsets in the absolute calibration between nights. 
The reduced and radiometrically calibrated images are shown in Supplementary 
Fig. 1 in units of brightness temperature (Tb) at 7.80 μm. Portions of the image 
within 6 pixels (or approximately 0.8″) of the assigned limb were removed as a 
conservative means of removing the effects of seeing and diffraction in blurring 
dark sky together with emission from Jupiter. The noise-equivalent spectral 
radiance was calculated by finding the standard-deviation emission of dark-sky 
pixels more than 1.5″ (approximately 12 pixels) away from the planet. This was 
calculated for each image to capture changes in sensitivity due to variations in 
airmass and telluric atmospheric conditions between measurements. A centre-to-
limb variation correction in the longitudinal direction was applied to correct for 
the foreshortening and limb-brightening, such that longitudes at different viewing 
geometries on different nights could be more readily compared. A power-law 
fit, of the form logR = alogμ + b, where R is radiance, μ = cosθ and θ is the zenith 
emission angle, was performed in each latitude band to derive a centre-to-limb 
correction factor. For the January and February measurements, we performed the 
power-law correction using the image from 15:50 ut 11 January (Supplementary 
Fig. 1a) in the northern hemisphere and the image from 12:30 ut 13 January 
(Supplementary Fig. 1d) in the southern hemisphere. For the May measurements, 
the images from 09:40 ut 17 May and 09:35 ut 18 May (Supplementary Fig. 1i,j) 

were similarly chosen to perform the power-law correction in the northern and 
southern hemispheres, respectively. These specific images were chosen because 
they best capture non-auroral longitudes in each hemisphere.

Ionosphere-to-magnetosphere mapping. We adopted the ionosphere-to-
magnetosphere mapping calculation by Vogt et al.36,37 to map a location on the 
planet in planetocentric latitude and system III longitude to its position in radial 
distance and local time in the Jovian magnetosphere. The calculation is performed 
by imposing magnetic flux equivalence of a specified region at the equator to the 
area at which it maps in the ionosphere assuming a given internal field model. 
We adopted the VIPAL (Voyager Io Pioneer Anomaly Longitude) internal field 
model38 owing to its validity in both the northern and southern hemispheres and 
to larger (roughly 95RJ) radial distances. Stepping through latitude and longitude 
in increments of 1° polewards of ±45° latitude, the ionosphere-to-magnetosphere 
mapping calculation was performed to derive the local time and distance within 
the magnetosphere at each location. Regions enclosed within the statistical 
ultraviolet oval for which the calculation did not produce a real value were 
interpreted as mapping beyond the 95RJ limit of the model, which also marks the 
estimated position of the dayside magnetopause9. This calculation was used to 
derive the contours of distance shown in Fig. 3.

Auroral–quiescent residual calculations. Figure 3 demonstrates the areas denoted 
by region A and region L at high northern and high southern latitudes. Region 
A was chosen as a subregion of the auroral regions that mapped to the outer 
magnetosphere and was commonly sampled by all measurements presented in 
Figs. 1 and 2. Region L was chosen as a lower-latitude region away from the area 
of auroral influence, which is sampled at μ = cos(θemm) (where θemm is the zenith 
emission angle on Jupiter) in the range 0.4 < μ < 1 in each image. By calculating 
the residual between region A and region L, any inconsistencies in the radiometric 
calibration from one night to the next are effectively removed, which would 
otherwise affect a comparison of the absolute radiance in time. The mean radiances 
within region A and region L were calculated. The 1σ uncertainty on the mean 
radiance in each region was chosen to be the larger of: (1) the noise-equivalent 
spectral radiance of each image (see the Imaging processing, calibration and error 
handling section of Methods) scaled by ∕ n1 p, where np is the number of pixels 
averaged, and (2) the standard deviation of the mean radiance in the region. The 
radiances and uncertainties were then converted to brightness-temperature units 
and the brightness-temperature residual and uncertainty were calculated.

Solar-wind propagation model. The Juno spacecraft continues to provide 
information on the magnetic and charged-particle fields while performing 
53.5-day orbits inside Jupiter’s magnetosphere. However, the Juno spacecraft 
cannot provide in situ measurements of the external solar-wind conditions 
outside Jupiter’s magnetosphere. In the absence of such measurements, we look 
to modelling results. A solar-wind propagation model39 was adopted to calculate 
the solar-wind dynamical pressure (pdyn = ρv2, where ρ is the density and v is the 
velocity of the solar wind) impinging on Jupiter’s magnetosphere. This model is 
used extensively for the magnetospheres of the outer planets40–42 in the absence 
of in situ measurements of the solar-wind conditions. The model adopts hourly 
measurements of the solar wind and magnetic field at the nose of Earth’s bow 
shock from OMNI43 as input and then performs 1D magnetohydrodynamic 
(MHD) calculations to model the solar-wind flow out to Jupiter’s bow shock. The 
1D model prediction of a 3D problem can introduce uncertainties on the arrival 
time and magnitude of the dynamical pressure of solar-wind compressions. When 
the magnitude of the Earth–Sun–Jupiter angle is less than 50°, the uncertainty 
of the arrival time of the solar-wind shock is less than ±20 h and that of the 
maximum dynamic pressure is 38% (ref. 12). Given the Earth–Sun–Jupiter angles 
were between 80° and 120° in during January–February 2017, we adopted a 48-h 
time error on the results of the solar-wind propagation model. In May 2017, the 
Earth–Sun–Jupiter angle was approximately 18° and thus we assumed a time error 
of 20 h for May 2017. These values also seem to be commensurate with a statistical 
comparison of 1D MHD predictions and solar-wind data measured by several 
spacecraft44. These errors are shown in Fig. 4.

Nemesis forward-model calculations. A single, broadband measurement of 
the CH4 emission does not provide sufficient information to invert or retrieve 
atmospheric parameters and determine at what altitudes they vary. Nevertheless, 
we computed synthetic or forward-model spectra for a range of vertical 
temperature and CH4 profiles to explore what changes in those atmospheric 
parameters could yield the observed 7.80-μm brightening of 3–4 K of the SAR. 
The NEMESIS forward model and retrieval tool45 was adopted to compute 
forward-model spectra of the radiance in the COMICS 7.80-μm bandpass. 
Forward-model spectra were computed using the line-by-line method using the 
sources of line information for CH4, CH3D and 13CH4, C2H2, C2H6, NH3 and PH3 
detailed in table 4 of Fletcher et al.46. Calculations were performed using a square 
instrument function with a width of 0.04 cm−1 (chosen on the basis of a balance 
of a sufficiently high spectral resolution to resolve both weak and strong emission 
lines while minimizing computational expense) and subsequently convolved with 
the COMICS 7.80-μm bandpass and the telluric transmission spectrum  
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(see Supplementary Fig. 2). The vertical temperature and CH4 profiles were varied 
as detailed below. The remaining parameters of our model atmosphere, including 
the vertical C2H2, C2H4, C2H6, NH3 and PH3 profiles, were held constant because 
they have negligible effect on the spectrum in the 7.80-μm bandpass. Further 
details of the model atmosphere are provided in Sinclair et al.24. Note that the 
current NEMESIS forward model assumes LTE conditions, whereas conditions in 
the auroral regions may have departed from LTE, as discussed in the main text.

First, we kept the vertical CH4 profile and its isotopologues fixed to the ‘model 
A’ vertical profile from Moses et al.19. Starting from the temperature profile shown 
in Supplementary Fig. 4a, we modified the vertical temperature profile in the  
range 0.1 mbar to 1 μbar, which includes the transition from the upper 
stratosphere/mesosphere to the thermosphere. The vertical temperature  
gradient (or lapse rate) in thermosphere was fixed and the pressure level of the 
mesosphere–thermosphere transition was varied as shown in Supplementary  
Fig. 5a. For each profile, a forward model was computed at the same viewing angle 
(μ = cos(θemm) = 0.205) as region A in the SAR at 12:57 ut 12 January (during 
the solar-wind compression). The synthetic spectrum was convolved with the 
7.80-μm bandpass (as detailed above) and converted to Tb. These Tb values are 
shown in the legend in Supplementary Fig. 5a. Further sets of forward models 
and brightness temperatures were similarly computed, where the pressure level 
of the mesosphere–thermosphere transition was fixed at 0.2 μbar and the vertical 
temperature gradient (or lapse rate) was varied, as shown in Supplementary Fig. 5b.

Second, we fixed the vertical temperature profile as shown in Supplementary 
Fig. 4a. Starting from the vertical CH4 profile derived from model A of  
Moses et al.19, the pressure level of the methane homopause was varied as  
shown in Supplementary Fig. 5c, and a forward-model radiance in the 7.80-μm 
bandpass was calculated and converted to Tb. These values are shown as the  
legend of Supplementary Fig. 5c.

Data availability
The COMICS images presented here are publicly available on the SMOKA (Subaru 
Mitaka Okayama-Kiso Archive) system (https://smoka.nao.ac.jp/). Reduced and 
calibrated images may be requested from J.A.S. The Data Reduction Manager is a 
suite of IDL software designed for reduction and processing of planetary images 
and is available in compressed format from G.S.O. on request (glenn.s.orton@jpl.
nasa.gov). The ionosphere-to-magnetosphere mapping calculation is also written 
in IDL and is available from M.F.V. on request (mvogt@bu.edu). Results of the 
solar-wind propagation model in a specific time period may be requested from C.T. 
(chihiro.tao@nict.go.jp). The NEMESIS forward model and retrieval tool is written 
in Fortran and is available as a GitHub repository; a user account for this repository 
may be requested from P.G.J.I. (patrick.irwin@physics.ox.ac.uk).
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Abstract

Exoplanetary science is on the verge of an unprecedented revolution.

The thousands of exoplanets discovered over the past decade have

most recently been supplemented by discoveries of potentially habitable

planets around nearby low-mass stars. Currently, the field is rapidly

progressing towards detailed spectroscopic observations to characterise

the atmospheres of these planets. While various surveys from space

and ground are expected to detect numerous more exoplanets orbiting

nearby stars, the imminent launch of JWST along with large ground-

based facilities are expected to revolutionise exoplanetary spectroscopy.

Such observations, combined with detailed theoretical models and in-

verse methods, provide valuable insights into a wide range of physi-

cal processes and chemical compositions in exoplanetary atmospheres.

Depending on the planetary properties, the knowledge of atmospheric

compositions can also place important constraints on planetary forma-

tion and migration mechanisms, geophysical processes and, ultimately,

biosignatures. In the present review, we will discuss the modern and

future landscape of this frontier area of exoplanetary atmospheres. We

will start with a brief review of the area, emphasising the key insights

gained from different observational methods and theoretical studies.

This is followed by an in-depth discussion of the state-of-the-art, chal-

lenges, and future prospects in three forefront branches of the area.
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1. Introduction

Planetary atmospheres serve as Rosetta Stones for planetary processes. Encoded in the

spectrum of a planetary atmosphere is information about its various physical and chemical

properties which in turn provide key insights into myriad atmospheric processes as well

as the formation and evolutionary history of the planet. Over a century of spectroscopic

observations of planets and moons in the solar system have revealed a vast treasury of

information on their diversity in all these aspects. From the giant storms and NH3 clouds

on Jupiter to the dense sulphuric clouds on Venus, from H2-rich giant planets to CO2-rich

Venus and Mars, and then the unique Earth, the atmospheric diversity of the solar system

is a sight to behold for the intrepid explorer. Yet, all the breathtaking diversity of the solar

system arises from a surprisingly limited range of macroscopic planetary parameters from

a cosmic context. The equilibrium temperatures of the solar system planets lie between

50 and 500 K, with only Venus and Mercury being above 300 K. The planetary sizes

and masses fall in three broad ranges - the gas giants (8-11 R⊕, ∼100-320M⊕), the ice

giants (4R⊕, ∼14-17M⊕), and the terrestrial planets (≤ 1R⊕,≤ 1M⊕). In contrast, the

thousands of exoplanets known today span a range in bulk properties that would have been

considered impossible two decades ago with temperatures ranging between 200 - 4000 K

and radii and masses spanning continuously over a large range (∼0.5-20 R⊕,∼1-104 M⊕).

2 N. Madhusudhan
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Figure 1: Processes active in exoplanetary atmospheres and how they are probed by different

parts of the electromagnetic spectrum. These processes occur in different regions of the

atmosphere and are labelled at the relevant location. On the right, the penetration depths

of UV, optical and infrared light are shown, indicating which processes can be probed

by observations in each wavelength range. The chemical species whose signatures can be

detected in each wavelength range are also indicated. On the left are shown three types of

temperature profile which can arise as a result of atmospheric processes: the profile of a

highly-irradiated planet with a thermal inversion (red), that of an irradiated planet without

a thermal inversion (cyan), and the temperature profile of a poorly irradiated planet (grey,

dashed).

It is only natural then that the atmospheres of these exoplanets may also be expected

to be similarly diverse. As such, exoplanetary atmospheres serve as excellent laboratories

to study planetary processes and formation mechanisms over the entire possible range of

macroscopic properties - masses, radii, temperatures/irradiation, orbital architectures, and

host stellar types.

The information obtained about an exoplanetary atmosphere depends on the nature of

observations. Figure 1 shows a schematic of atmospheric processes that can be observed

in exoplanets with different spectral ranges probing different regions, and hence different

processes, in the atmosphere. The different atmospheric processes can be understood as a

function of the pressure (P ) in the atmosphere. Deep in the atmosphere (P & 1 bar) the

pressure and temperature, and hence density and opacity, are high enough that thermo-

chemical equilibrium and radiative-convective equilibrium prevail, i.e., chemical reactions

occur faster than kinetic processes. The resulting composition then is that which minimises

the Gibbs free energy of the system for the given temperature, pressure, and elemental

abundances. Higher up in the atmosphere, between ∼1mbar and ∼1 bar, various processes

become more prevalent including atmospheric dynamics, clouds/hazes, and temperature

inversions, as a result of complex interplay between the incident radiation field, chemical

www.annualreviews.org • Exoplanetary Atmospheres 3
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composition, and other planetary properties. These processes strongly influence, and are

influenced by, the atmospheric chemical composition and temperature structure both of

which can be out of equilibrium. Further up in the atmosphere (P ∼ 10−6 - 10−3 bar),

the low density and high radiation field cause photochemical processes to govern the atmo-

spheric composition through photodissociation of prominent molecules into their constituent

atomic species and formation of new ones. Eventually, at very low pressures, atmospheric

escape of atomic species lead to mass loss from the atmosphere. Therefore, each region of

the atmosphere provides a window into specific physicochemical processes. At the same

time, different chemical species and different regions of the atmosphere are accessible to

different parts of the electromagnetic spectrum. Prominent molecular species (e.g. H2O,

CO, CO2, CH4, etc) absorb primarily in the infrared due to rovibrational transitions, with

the exception of some heavy metal species (TiO, VO, TiH, etc.) which also have strong

visible absorption. On the other hand, atomic species absorb primarily in the optical and

UV, depending on the excitation and ionisation states. Therefore, while UV observations

probe the uppermost regions of the atmosphere where the composition is entirely atomic,

the infrared observations probe lower regions of the atmosphere where the composition is

primarily molecular, with optical spectra probing intermediate regions. Thus the spectral

range of observations governs the region in the atmosphere probed and the corresponding

physicochemical properties and processes.

The study of exoplanetary atmospheres has progressed at a tremendous pace in recent

years. Just a decade ago, fewer than 25 transiting exoplanets were known and the first di-

rectly imaged planets were just being discovered. Observations of exoplanetary atmospheres

were still in their infancy. Prior to that, only a handful of atomic species were detected

robustly, mostly in the two famous transiting hot Jupiters HD 209458b and HD 189733b,

using transmission spectra in the optical and UV obtained with the Hubble Space Tele-

scope (HST) (50, 272). The first detections of exoplanetary atmospheres using multi-band

space-based infrared photometry and spectrophotometry with Spitzer and HST were be-

ing made (51, 96, 258). The instruments used for these early measurements (such as the

HST NICMOS spectrograph and Spitzer photometric instruments) were never designed for

exoplanetary observations which require extreme sensitivities (e.g., photometric precisions

better than ∼10−4). As such, the early measurements were intensely debated for their accu-

racy and several were subsequently revised as the systematics were better understood and

analysis methods improved. This in stark contrast to the present day as high confidence and

reproducible detections of exoplanetary spectra with HST are routine, as discussed below.

At the same time the first attempts for transit spectroscopy from the ground were also be-

ing made(214, 246). Even so, inferences of molecular absorption and pressure-temperature

profiles (e.g. thermal inversions) relied heavily on forward models with solar-like elemental

compositions and equilibrium conditions (125, 43). Statistical constraints on atmospheric

properties of exoplanets using atmospheric retrieval methods were still a dream for the fu-

ture. On another front, the first thermal phase curves, and brightness maps, were being

observed for hot Jupiters using infrared photometry with the Spitzer space telescope (126).

At the same time, the first three-dimensional atmospheric circulation models were being

developed for hot Jupiters (237) to explain the observed thermal phase curves. In sum-

mary, about a decade ago major observational facilities were being pushed to their limits

to detect spectra of transiting exoplanets. At the same time, concomitant developments in

theory were being pursued to explain the extant observations, however sparse. Such were

the humble beginnings of atmospheric characterisation of exoplanets a decade ago.

4 N. Madhusudhan
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Figure 2: Masses versus radii of transiting exoplanets whose atmospheres have been ob-

served. Planets with HST transmission/emission observations are shown by blue/yellow

circles, respectively. Emission observations from ground-based facilities are shown in red.

All known planets in this mass and radius range, with or without atmospheric observa-

tions, are shown for reference as grey points. Solar System planets are denoted in black by

their initials and represented by the vertical dashed lines. Data obtained from the NASA

Exoplanet Archive at https://exoplanetarchive.ipac.caltech.edu/.

Fast forward to the present - the field has transformed beyond recognition. Firstly,

robust detections of exoplanetary atmospheric spectra are routinely made today using a

variety of techniques: transit spectroscopy (50), direct imaging (174), as well as Doppler

spectroscopy (251), both from space as well as the ground. Here, robustness of a result

implies high statistical significance of a detection and its reproducibility by multiple groups

using the same dataset. The space-based instruments used for the purpose in recent years

are mainly HST spectrographs such as WFC3 in the near-infrared (177, 63) and STIS

in the optical and UV (244, 71), and until recently the Spitzer IRAC 1 and 2 bands in

the infrared (65), all of which have been very well characterized compared to the early

observations a decade ago. Atmospheres of nearly a hundred exoplanets have been detected

using at least one technique in at least one spectral band, as shown in Fig. 2. However,

meaningful constraints on atmospheric properties require more than a few photometric

observations. The required high-precision spectra over a broad spectral range have been

observed for tens of giant exoplanets resulting in robust inferences of their chemical and/or

thermal properties. Beyond detecting atmospheric spectra (63), the advent of atmospheric

retrieval techniques (162) have enabled inverting the observed spectra to obtain detailed

statistical estimates of atmospheric properties of exoplanets as a standard procedure. Such

observations and inversion techniques are providing initial constraints on key atmospheric

properties such as prominent molecular and atomic species (e.g. H2O, CO, CH4, CO2,

www.annualreviews.org • Exoplanetary Atmospheres 5
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HCN, TiO, VO, Na, K), elemental ratios (e.g. O/H, C/O ratios), temperature profiles

(including thermal inversions), clouds/hazes, circulation patterns, and exospheres.

The field is now moving beyond atmospheric characterisation of individual exoplanets

towards comparative characterisation of ensembles of planets. Such constraints on atmo-

spheric properties of exoplanets have advanced theories of a vast range of corresponding

physicochemical processes in exoplanetary atmospheres, spanning chemical and radiative

processes, atmospheric dynamics, atmospheric escape, and clouds/hazes. The derived chem-

ical abundances are also being used to investigate constraints on planetary formation and

evolutionary processes, which is one of the major current frontiers of the field (164, 140). At

the same time, the first observations of chemical signatures in atmospheres of low-mass ex-

oplanets, e.g. Neptunes and super-Earths, are becoming feasible, giving rise to the fledgling

area of exogeology (265, 74, 277). Observations have also been attempted for transiting

planets in the habitable zones of low-mass stars. While no such detection has yet been

feasible the prospect of detecting an atmospheric signature of a rocky planet, potentially in

the habitable zone, seems like a realisable dream.

Developments on the observational front have been led by both demonstrations of new

detection methods as well as new instrumentation. The most remarkable of these successes

have been in three directions corresponding to three detection methods. First, extensive

high-precision transit spectroscopy with HST instruments from the UV to NIR have led to

atmospheric characterisations in a large sample of transiting exoplanets. In particular, the

HST WFC3 spectrograph in the NIR has made H2O detections in exoplanetary atmospheres

a routine matter today, with observed planets ranging from dozens of hot Jupiters to exo-

Neptunes and even a super-Earth. This is remarkable considering that the H2O abundances

are not known for the giant planets in our own solar system owing to their low temperatures

at which H2O condenses. Besides HST, remarkable developments have also been made in

transit spectroscopy using ground-based facilities. Such observations have led to detections

of key species such as Na, K, and TiO, as well as of thermal emission from transiting

exoplanets. Second, starting with the first detections a decade ago, direct imaging and

spectroscopy of exoplanets is a highly successful technique today with nearly ten objects

discovered and various dedicated ground-based surveys now underway. Finally, within this

decade high-resolution Doppler spectroscopy in the near-infrared has made it possible to

detect molecules in exoplanetary atmospheres, both transiting and non-transiting, by cross-

correlation with template spectra. This technique has been very successful in detecting

prominent molecules in several giant exoplanets orbiting bright stars. Beyond these broad

developments, numerous advances have been made in various aspects of each detection

method as will be discussed in this review. Concomitant advancements have also been

made in atmospheric modelling, retrieval and theoretical studies.

The present review is an attempt to discuss the state-of-the-art of this exciting frontier.

We will briefly review the recent advances in observational and theoretical methods in

sections 2 and 3. We will then review the state-of-the-art, challenges, and future landscape

of three frontier topics in the area. We will discuss advances in atmospheric characterisation

of exoplanets in section 4, those on implications for planetary formation in section 5, and

on habitability and biosignatures in section 6. We will conclude with a discussion on the

landscape for the immediate future.
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2. Observational Methods

Exoplanetary atmospheres have been observed using a wide range of methods that allow

complementary constraints on their physicochemical properties. The methods fall into three

broad categories: (a) Transit spectroscopy, (b) High-resolution Doppler spectroscopy, and

(c) Direct imaging spectroscopy. While transit spectroscopy and Doppler spectroscopy are

most conducive for atmospheric characterisation of close-in planets, direct imaging is more

suited for planets at larger orbital separations. These various methods have been discussed

in detail in the literature (227, 78, 167, 135, 26). The bulk properties of exoplanets whose

atmospheres have been observed are shown in Fig. 2. Here we briefly outline each of these

methods, their capabilities and limitations, and their future prospects.

HST: Hubble Space

Telescope

Spitzer: Spitzer
Space Telescope

JWST: James Webb

Space Telescope

VLT: Very Large

Telescope

GTC: Gran
Telescopio Canarias

E-ELT: European

Extremely Large
Telescope

GMT: Giant

Magellan Telescope

TMT: Thirty Meter

Telescope

WFIRST: Wide
Field Infrared

Survey Telescope

HabEx: Habitable
Exoplanet

Observatory

LUVOIR: Large UV
Optical Infrared

Surveyor

2.1. Transit Spectroscopy

Transit spectroscopy has been the most successful avenue for their atmospheric characterisa-

tion of exoplanets to date, both by number of planets observed and the range of atmospheric

constraints obtained (50, 63). This is due to both the larger number of planets detected

using the transit method as well as the favourable geometry which makes it relatively easier

for atmospheric observations compared to other methods. The transit method allows three

configurations to observe a planet’s atmosphere: (a) a ‘transmission spectrum’ when the

planet transits in front of the host star, i.e. at primary eclipse (b) an emission spectrum

as the planet passes behind the host star, i.e. at secondary eclipse, and (c) a phase curve

as the planet orbits between the primary and secondary eclipses (127, 256). During the

primary eclipse, the star light along the line of sight passes through the atmosphere at the

day-night terminator of the planet. The resultant spectrum observed contains absorption

features of the planetary atmosphere imprinted on the stellar spectrum. The difference be-

tween the in-transit and out-of-transit spectrum, normalised by the out-of-transit spectrum,

yields the transmission spectrum. The transmission spectrum is effectively a measure of

extinction due to the planetary atmosphere at its day-night terminator region. On the other

hand, the secondary eclipse spectrum measures the emergent spectrum from the dayside

atmosphere of the planet. Just prior to secondary eclipse the combined spectrum of both

the star and the planetary dayside is observed. This combined spectrum, when subtracted

by stellar spectrum, which is observed during secondary eclipse, yields the planetary spec-

trum. Finally, the phase curve provides a spectrum of the planet at different phases. Each

of these configurations of transit spectroscopy provides different and complementary con-

straints on the atmospheric properties of a transiting planet. A panorama of state-of-the-art

atmospheric spectra observed during primary and secondary eclipse is shown in Fig. 3.

A transmission spectrum is essentially a measure of the thickness of the atmosphere

probed perpendicular to the line of sight as a function of wavelength. It provides constraints

primarily on the chemical composition of the atmosphere at the day-night terminator region,

along with the mean molecular weight and temperature through the scale height. Different

spectral regions provide constraints on different chemical species. Prominent molecules

expected in giant exoplanetary atmospheres such as H2O, CO, CH4, CO2, HCN, TiO/VO,

etc., have significant abundances and strong absorption features in the infrared and/or

visible wavelengths making them detectable in transmission spectra (161, 188). Similarly,

atomic features of alkali metals Na and K have strong absorption features in the visible

(233, 244). On the other hand, transmission spectra are also excellent probes of scattering

in atmospheres. Different sources of scattering such as Rayleigh scattering for small particles
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Figure 3: A panorama of primary (left) and secondary (right) eclipse spectra of transiting

planets. Observations and error bars are obtained from the sources listed in table 1, while

nominal models which fit these observations are shown by brown and blue lines. The spectral

range affected by water absorption is shaded in blue and water features are present in many

of the spectra. Left panel: Transmission spectra of planets arranged by ascending mass.

Right panel: Secondary eclipse spectra arranged by ascending temperature and spanning a

range of temperature structures from isotherms to profiles with thermal inversions.

versus Mie scattering for larger particles imprint distinct features in the optical transmission

spectra and, hence, provide constraints on the presence of clouds/hazes in the atmospheres

(274). Furthermore, the presence of high-altitude cloud decks in the atmosphere can also

reduce the observable region of the atmosphere and mute the spectral features. Transmission

spectra also provide unique probes of exoplanetary exospheres via detections of ionic species

which have strong absorption features in the visible and UV (71). Recent studies have

also investigated the impact of stellar heterogeneity on the spectral features observed in

transmission spectra (178, 198). This is of particular significance to low-mass exoplanets

orbiting M Dwarfs which are known to be active (211).

An emission spectrum, on the other hand, directly probes the temperature structure of

the dayside atmosphere of the planet along with its chemical composition (132, 256). In

principle, the full planetary spectrum observed at secondary eclipse contains both reflection

and emission. Whereas reflection dominates at optical wavelengths, corresponding to the
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peak of the stellar spectrum for FGK stars, the planetary emission typically dominates in

the infrared owing to the lower temperatures. The planet-star flux contrast increases with

wavelength as the star gets fainter and the planet gets brighter with wavelength. Thus,

most of the dayside observations of exoplanetary atmospheres have been reported in the in-

frared. The observed spectrum probes the brightness temperature of the planet at different

wavelengths, which effectively translates to measuring the temperatures at different depths

in the atmosphere corresponding to the planetary photosphere at different wavelengths.

The shapes and amplitudes of the spectral features are governed by both the chemical

composition and temperature gradient in the atmosphere. For a given composition, a tem-

perature profile with negative (positive) gradient, i.e., temperature decreasing (increasing)

with altitude, leads to absorption (emission) features in the emergent spectrum. Therefore,

emission spectra can provide powerful constraints on the presence of thermal inversions

in exoplanetary atmospheres (discussed further in section 4.3). At the same time, for a

given temperature profile the abundances of the chemical species affect the amplitude of

the spectral feature. Thus, thermal emission spectra can provide strong constraints on both

the composition as well as the temperature profile of the dayside atmosphere.

A phase curve measures the emergent spectrum of the planet, and hence its atmo-

spheric properties, as a function of orbital phase (256). In addition to the constraints on

composition and temperature, thermal phase curves provide direct constraints on the at-

mospheric dynamics and energy transport in the atmosphere. A thermal phase curve can

also be deconstructed to provide the longitudinal temperature distribution in the planetary

atmosphere as a function of depth. Thus, atmospheric observations of transiting exoplanets

can provide constraints on a wide range of atmospheric processes as discussed above. The

specific constraints on the various processes reported by existing observations are discussed

in further detail in section 4.

2.2. High-resolution Doppler Spectroscopy

High-resolution Doppler spectroscopy of close-in planets has offered a powerful means to

detect chemical species in atmospheres of close-in giant exoplanets, particularly hot Jupiters

(251, 24). A detailed review of this area can be found in (26). This method involves

phase-resolved high-resolution (R ∼ 105) spectroscopy of the star-planet system to infer

the Doppler motion of the planet using the planetary spectral lines. The combined spectra,

observed using large ground-based facilities, contain contributions from both the stellar and

planetary spectra along with telluric features due to the Earth’s atmosphere. For a typical

hot Jupiter the RV semi-amplitude of the planet is 1000× larger than that of the star.

Thus, the stellar and telluric features are relatively unchanged during the course of the

observations, compared to the planetary spectral lines which undergo significant Doppler

shifts. The stellar and telluric features in the data are removed using various detrending

methods (37, 24, 47) which aim to remove the non-varying components leaving behind only

the time-varying signal from the planet. In addition, some of the spectral regions with

dense telluric contamination are masked out in the data. The resulting residual spectra

after detrending are then cross-correlated with template planetary spectra containing the

expected prominent molecules. For the matching planet spectrum the orbital motion of the

planet can be reconstructed; in particular, the radial velocity semi-amplitude of the planet

(Kp) and systemic velocity (Vsys) are constrained. A high significance peak in the Kp-Vsys

plane constitutes a detection of the molecule present in the model template; typically a 5-σ
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signal-to-noise is considered a strong detection. The measured Kp, along with the known

stellar velocity, also provides an independent constraint on the mass of the planet and the

orbital inclination of the system(37). This method has been used to detect chemical species

in a number of close-in hot Jupiters, e.g. molecular species CO (251, 37), H2O (24), TiO

(196), HCN (101, 47), and atomic species Fe, Ti, Ti+ (106). In addition to molecular

detections, this technique has also led to constraints on the temperature profiles (196) and

atmospheric wind speeds(251, 155).

This technique has also been used for atmospheric characterisation of directly-imaged

planets at large orbital separations. This has been demonstrated by the CO detection in β

Pic b (250) using a combination of high-contrast imaging and high resolution spectroscopy.

Given their large orbital separations such planets are not expected to be tidally locked.

Thus, their rotational velocity can be measured via the broadening of the spectral line.

A rotational velocity of 25 km/s was measured for β Pic b using CO spectral features.

The combination of high resolution spectroscopy and high contrast imaging enhances the

sensitivities to flux contrasts beyond that achievable by either method. Furthermore, the

combination of the cross-correlation technique with adaptive optics assisted integral-field

spectrographs at medium resolution can also be used for detecting chemical species across

the two-dimensional field of the image. Such ‘molecular mapping’ has been successfully

demonstrated for high-significance detections of prominent molecular species such as H2O

and CO in directly imaged planets (107, 204).

The future of high-resolution Doppler spectroscopy offers both exciting avenues and

commensurate challenges. With the advent of new high-resolution spectrographs, both on

current and future facilities, it is natural to expect this as a promising pathway for molec-

ular detections in exoplanetary atmospheres. Indeed, studies have suggested the feasibility

of detecting molecules in the atmospheres of terrestrial-size planets with upcoming large

facilities such as the E-ELT (248, 220). However, the detection significances of the species

are arguably reliant on the metrics used for quantifying the signals and the detrending

approaches. Latest studies are beginning to quantify these aspects (47). On another front,

this technique on its own is less conducive for measuring the abundances of detected species;

the signal is sensitive mainly to the line positions rather than the depths. However, the

combination of this technique with low-resolution transit spectroscopy where possible may

provide a solution in this regard (41). A viable future direction is one where new chemical

species are first detected using the this technique and the targets, if transiting, are then

followed up with low-medium resolution transit spectroscopy for abundance estimates. The

recent first inferences of HCN (101, 47) and atomic species (106) in hot Jupiters using this

technique may be the first steps in this direction.

2.3. Direct Imaging

Spectroscopy of planets discovered via direct imaging offers another avenue to characterise

exoplanetary atmospheres. In this method, the spectrum of the planet is obtained directly

by nulling out the contribution from the star using a coronagraph. Though simple in prin-

ciple, such observations are challenging given the stringent requirements on the sensitivity

and inner-working angle (78). For example, a Jupiter analogue orbiting a sun-like star at

10 pc would require a planet-star flux contrast below 10−7 in the near-infrared at an inner

working angle of 0.5”; the requirements are even more stringent in the optical. However,

for young giant planets with high temperatures (&1000 K) at large orbital separations the
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Figure 4: High-quality spectra of transiting (left) and directly-imaged (right) planets ob-

tained with ground-based telescopes (sources are listed in table 1). For the spectra of

transiting planets, nominal models which fit the data are also shown. The locations of

spectral features arising from different chemical species are marked by dashed lines (left)

and brackets (right). In both panels, the spectra are arbitrarily offset for clarity.

planet-star flux contrasts in the near-infrared approaches 10−4 making them detectable with

current facilities. While the numbers of objects discovered via direct imaging are far fewer

than transiting exoplanets, the spectra are typically of higher resolution and higher signal-

to-noise ratio owing to the large-aperture ground-based facilities with adaptive optics used

for this purpose. As such, the method has been successful in obtaining thermal emission

spectra of several young giant exoplanets in the near-infrared.

The atmospheric properties that can be constrained with directly imaged spectra are

similar to those for transiting exoplanets but with some important differences. A directly

imaged spectrum is similar to an emission spectrum observed for transiting planets as

discussed above and, hence, can provide important constraints on the temperature profile

and composition of the atmosphere. However, unlike transiting planets the planetary radius

and mass, and hence gravity, are not known a priori. This leads to degeneracies in accurately

estimating the chemical compositions from the spectra because the shapes of the spectral

features depend strongly on the gravity. Nevertheless, the higher resolution and signal-

to-noise of the observed spectra make it possible to obtain robust detections of chemical
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species in the atmospheres notwithstanding the challenges in obtaining specific quantitative

constraints on the atmospheric properties. For example, high-confidence detections of H2O,

CO, and CH4 have been reported for several directly imaged exoplanets in recent years (see

table 1). Given the long orbital periods, the spectrum of a planet is typically obtained at a

single orbital phase which is unknown, which restricts constraints on atmospheric dynamics.

However, precise constraints on the globally-averaged compositions and temperature profiles

at the observed phase are possible using atmospheric retrieval techniques. Additionally,

given the low irradiation regime the atmospheric temperature profiles of directly imaged

planets are expected to be markedly different from those of transiting exoplanets which

tend to be highly irradiated. Initial constraints have been reported for a few objects while

highlighting the challenges in resolving the various degeneracies. The specific constraints

obtained for directly imaged planets are discussed in more detail in section 4.

The observational landscape of atmospheric characterisation of directly imaged planets

is promising, limited only by sample size. Only ∼10 directly imaged planets have been

discovered since the first detections a decade ago (174, 118). The small current sample

is arguably due to the paucity of giant exoplanets orbiting young stars at large orbital

separations with flux contrasts above the detection thresholds of extant surveys. However,

with new surveys increasingly aiming at higher sensitivities and inner working angles the

sample size is likely to increase (93). On the other hand, current facilities have already

provided spectacular spectra for some of these known planets, such as those in the HR 8799

system (e.g., 15, 129, 14, 174, 144, 143, 93) and 51 Eri b (159). The high-quality spectra

are obtained thanks to high-contrast instruments on large-aperture ground-based telescopes

operating in the near-infrared e.g., Keck (129), GPI on Gemini (93), SCExAO on Subaru

(117), SPHERE on VLT (29). In the near future, the JWST will provide a high-stability

platform for high-contrast imaging and spectroscopy in the near-mid infrared from space

(21). In the late 2020s, NASA’s WFIRST mission is expected provide another space-based

platform for direct imaging of giant exoplanets, particularly in the optical.

These facilities will be followed by the 25-40 m class telescopes in the next decade (mid-

late 2020s), such as the E-ELT (39.3m), TMT (30m), and GMT (25.4 m), which will have

unprecedented sensitivity for direct imaging. The E-ELT could in principle allow the detec-

tion of some atmospheric signatures of habitable-zone super-Earths and Earth-like planets

orbiting the nearest stars (248). The high sensitivities required for such observations may

be achieved by a combination of high dispersion spectroscopy and high contrast imaging, as

has been demonstrated for the giant planet β Pic b with the VLT(250). While an exciting

possibility, such observations will still be limited to spectral regions with relatively weaker

telluric contamination and/or thermal background and, hence, limited molecular features in

the NIR. On the other hand, space based facilities can provide the capabilities to surmount

these limitations by offering broad spectral coverage (UV to IR) and very high sensitivities.

Studies are underway for future large space-borne facilities in the 2030s focused on direct

imaging and spectroscopy of habitable-zone exoplanets in search of potential biosignatures.

Two such examples are HabEx (90) and LUVOIR (156). These mission concepts aim at

very high contrast .10−10 direct imaging and spectroscopy over the UV-NIR spectral range

using different flux suppression techniques and apertures, e.g. 4-m aperture for HabEx with

coronograph and starshade, and 8-12 m aperture for LUVOIR with a coronograph.
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SUMMARY POINTS

1. Advances in atmospheric spectroscopy have been made in three directions: (1)

Transit spectroscopy, (2) Direct imaging, (3) High-resolution Doppler spectroscopy

2. Transit spectroscopy has been the most successful method: Nearly 100 exoplanets

with atmospheres detected and over 20 giant exoplanets with high-precision multi-

band spectra.

3. Transit spectroscopy allows observations of transmission spectra of day-night ter-

minator, thermal emission spectra of dayside, and phase curves over the orbit.

4. Direct imaging provides high S/N thermal emission spectra at a single phase. Nearly

10 directly imaged planets known with high quality spectra available for several of

them.

5. High-resolution Doppler spectroscopy allows detection of chemical signatures in

planetary spectra Doppler shifted due to radial velocity of the planet. Chemical

detections made in seven hot Jupiters.

3. Theoretical Advancements

Alongside observations, important advancements are being made in theoretical modelling

and inverse methods to investigate exoplanetary atmospheres. These developments can be

classified into three main categories: (1) Forward spectral modelling, (2) Retrieval methods

(or inverse methods), and (3) Atmospheric theory. The primary observable in the character-

isation of an exoplanetary atmosphere is an atmospheric spectrum. Firstly, even before an

observation is made, a theoretical model spectrum is required to assess the feasibility of the

observation and to predict the potential science return from the observation. This is the goal

of forward spectral models which are used to compute spectra of exoplanetary atmospheres

under specific assumptions about the atmospheric properties such as chemical abundances,

chemical equilibrium, and/or radiative-convective equilibrium. Once the true spectrum of

the planet is observed it may or may not match the spectrum predicted a priori. Thus, in

practice, the observed spectrum is interpreted using atmospheric retrieval methods, or in-

verse methods, which involve deriving statistical constraints on the atmospheric properties

of a planet from the spectral data using robust parameter estimation methods. The models

used in retrievals, in this case, do not assume chemical/radiative equilibrium but rather use

parametric atmospheric properties to be constrained by the data. Beyond spectral models

and inverse methods, a wide range of studies use detailed theoretical models to investigate

the various physical and chemical processes possible in exoplanetary atmospheres, e.g., non-

equilibrium chemistry, atmospheric circulation, clouds/hazes, atmospheric escape, thermal

inversions, and the like. In what follows, we review the key advancements in these areas.

3.1. Self-consistent Models

Self-consistent models are used to compute spectra of exoplanetary atmospheres for given

assumptions about macroscopic parameters such as gravity, irradiation, and elemental abun-

dances. Self-consistent models currently used in the field range from plane-parallel 1D

models in chemical and radiative-convective equilibrium to full three-dimensional general

circulation models (GCMs). Detailed reviews of such models can be found in various recent
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works (167, 89, 110, 105, 173). Here we briefly summarise the state-of-the-art. While 1-D

models are the most commonly used to predict and interpret individual spectra, GCMs are

used extensively in interpreting phase-resolved spectra and photometric phase curves.

3.1.1. 1-D Equilibrium Models. A one-dimensional self-consistent model typically assumes

an elemental composition (e.g., solar abundances) and equilibrium conditions such as ther-

mochemical equilibrium and radiative-convective equilibrium, in a plane-parallel geometry.

While the assumption of chemical equilibrium allows computation of the chemical abun-

dances (i.e. atomic or molecular abundances) from the elemental abundances, the condition

of radiative-convective equilibrium allows computation of the pressure-temperature (P -T )

profile in the atmosphere consistent with the chemistry. The assumption of radiative-

convective equilibrium is particularly relevant for modelling thermal emission spectra of

exoplanets because the temperature gradients in the atmosphere play a critical role in the

formation of emergent spectral features. The models compute radiative transfer through

the atmosphere with the resultant chemical composition and P -T profile to generate the

spectrum. A number of such models are available in the literature today with varying de-

grees of sophistication and flexibility. Early models in the field until recently were generally

adapted from stellar spectral models and were computed on fixed grids of opacities, e.g., as-

suming solar elemental ratios with varying metallicities (231, 13, 81, 43). Newer models are

now being custom-built for exoplanetary atmospheres and allow more flexible computations

of spectra over a wider range of conditions to reflect the possible diversity of exoplanetary

atmospheres (68, 182, 170, 89). These models span a wide range in chemical abundances

(e.g. C/O ratios and metallicities), irradiation (from highly irradiated to non-irradiated),

treatment of clouds/hazes, and strong visible absorbers such as TiO/VO that can cause

thermal inversions. These models differ in their treatment of various aspects such as the

radiative transfer, radiative versus convective energy transport, scattering, and opacities

(110).

Central to all atmospheric models are the sources of opacity considered. The opacity

is driven by the combination of chemical abundances and their absorption cross sections.

While the chemical abundances depend on the modelling approach as discussed in this

section (e.g. assuming chemical equilibrium, disequilibrium or parametric abundances),

their absorption cross sections are fixed in the models. Therefore, the accuracy of model

spectra are critically reliant on the accuracy of the absorption line lists from which the

cross sections are derived. Such accurate line lists are required for a wide range of tem-

peratures (∼300 - 4000 K) and compositions possible in exoplanetary atmospheres, which

extend beyond traditional applications. This need has been widely recognised in the field

and substantial progress has been made in recent years towards accurate high-temperature

linelists of numerous molecular species of importance for exoplanetary atmospheres (260).

For example, recent line lists are now available for various species including H2O (10, 221),

CO (221, 147), CO2 (221, 108, 109), CH4 (284, 285), NH3 (283), HCN (100, 11), collision-

induced-absorption (215) and AlO (203). These developments have greatly improved the

accuracies of such line lists as well as their applicability to exoplanetary atmospheres.

3.1.2. General Circulation Models. GCMs solve the full three-dimensional structure of

the atmosphere given the planetary bulk parameters and irradiation field. These mod-

els compute the chemical, thermal, dynamical and radiative properties of the atmo-

sphere in extensive detail. Starting with the first coupled GCMs, with both radiative
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and dynamical treatment, about a decade ago (239) a number of GCMs are prevalent

in the field today with varied levels of complexity. The latest GCMs span a wide range

of irradiation conditions, from highly irradiated planets to non-irradiated isolated sub-

stellar objects, and orbital parameters (e.g., eccentricities, obliquities), and masses (e.g.

238, 202, 122, 145, 212, 153, 67, 36, 66, 180). These models have been used to explain

phase-resolved spectra and thermal phase curves of hot Jupiters (239, 122, 153) and to

explore various physical processes in detail (239, 202, 200, 67). One of the key successes of

GCMs is the predictions of strong equatorial jets in irradiated hot Jupiters that can lead to

shifting of the hot spot in the dayside atmospheres away from the sub-stellar point (240).

This effect, predicted nearly a decade ago (240, 239), has been substantiated by other GCMs

in the literature (e.g. 213, 241, 67) as well as by numerous observations of hot Jupiters as

discussed in section 4.4. These models have also recently considered the effect of latent

heat on the atmospheric properties through condensate formation and chemical recombi-

nation (259, 22). GCM models also show a trend of day-night temperature contrasts in

hot Jupiters increasing with equilibrium temperatures (128), consistent with observations

and empirical studies (128, 224). Atmospheres of highly irradiated and tidally locked hot

Jupiters have also been predicted to contain larger planetary-scale bands compared to those

of weakly irradiated and faster rotating planets like the solar-system giant planets.

Recent studies are moving beyond hot Jupiter atmospheres with solar abundances.

Early GCMs typically assumed solar elemental abundances for hot Jupiters, from which

the molecular compositions were calculated assuming thermochemical equilibrium. Recent

GCMs are now being used to explore the effect of chemical composition on the dynamical

processes in the atmospheres. New GCMs are capable of simultaneously modelling the

dynamics coupled with chemistry, radiative transfer, and clouds (202, 200, 145, 67, 153).

GCMs are now also exploring lower-mass planets which are within the reach of current and

forthcoming observational facilities. In particular, several studies have explored the effect of

metallicities in sub-Jovian mass planets such as Neptunes and super-Earths which are not

necessarily hydrogen-rich (146, 287, 67). Such studies have sought to model and explain

observations of thermal phase curves of super-Earths, e.g 55 Cancri e, that are already

feasible with current facilities (65).

3.2. Atmospheric Retrieval

Atmospheric retrieval refers to deriving the atmospheric properties of a planet from its

observed spectrum. The canonical retrieval method comprises a parametric forward model

of an exoplanetary atmosphere coupled with a parameter estimation algorithm to estimate

the model parameters given a spectral dataset. The free parameters in the model include

the dominant chemical species with strong features in the observed spectral bandpass, the

temperature profile, and the macroscopic clouds/haze parameters, e.g. the location in the

atmosphere, spatial extent and opacity, besides any other free parameters relevant to the

spectrum at hand. Starting with the first retrieval codes a decade ago, a number of codes are

currently available in the field with applicability over the wide range of observations possible.

A recent review of existing retrieval codes and capabilities in the field can be found in (162).

The latest developments in retrievals include incorporation of non-equilibrium phenomena

at varying levels of complexity, such as different prescriptions for clouds/hazes (e.g. 16, 151,

143, 157), deviations from radiative-convective equilibrium (89), and benchmarking with

three-dimensional circulation models (27). On the other hand, state-of-the-art codes use a
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wide range of parameter estimation methods spanning Markov chain Monte Carlo methods

(27), optimal estimation gradient-descent algorithms (16), nested sampling algorithms (e.g.,

23), and machine learning algorithms (279). In recent years, state-of-the-art retrieval codes

have allowed detailed constraints on the chemical compositions, temperature profiles, and

properties of clouds/hazes in a number of exoplanets, both transiting and directly-imaged

(162).

3.3. Disequilibrium Models

Planetary atmospheres are seldom in equilibrium in entirety. Various processes can drive an

atmosphere out of chemical, radiative, and thermal equilibria. These processes, illustrated

in Fig. 1, include vertical mixing and photochemical processes, circulation, clouds/hazes,

atmospheric escape, etc., one or more of which dominate in any observed region of the

atmosphere. The ultimate model atmosphere would include all these processes simultane-

ously over the entire atmosphere, troposphere to exosphere. However, such a comprehensive

unified model for exoplanetary atmospheres is impractical at present. Additionally, exo-

planetary spectra are typically observed in a limited spectral band at a time constraining

some atmospheric properties/processes but with almost no constraints on other aspects.

Therefore, a realisable and useful approach currently is to explore each individual processes

in detail while allowing for appropriate boundary conditions or simplified prescriptions to

represent the interplay with other processes. This has been the approach in the field.

Theoretical studies in recent years have explored each of the aforementioned processes in

exoplanetary atmospheres in varied detail as summarised below. Here we only discuss

briefly developments in atmospheric chemistry and clouds/hazes. A comprehensive review

of theoretical developments in atmospheric escape processes can be found in (199).

3.3.1. Atmospheric Chemistry. State-of-the-art models of atmospheric chemistry in exo-

planets span a wide range in complexity. While the most extensive chemical networks are

considered in 1-D models of non-equilibrium chemistry (e.g., 188, 267, 263), recent studies

are beginning to combine chemical codes in 3-D General Circulation Models (287, 67). A

recent review of such models can be found in (163). The chemistry in a planetary atmo-

sphere is a strong function of the macroscopic parameters such as the elemental abundances

(e.g., of H, O, C), stellar irradiation, gravity, and mean molecular mass. In particular, there

is a clear dichotomy between primary atmospheres which are expected to be dominated by

H2/He as in the giant planets and secondary atmospheres that are expected to be domi-

nated by heavier molecules such as H2O, CO2, or N2, as in the terrestrial planets. Given

the bulk properties, the key processes governing the chemistry in a planetary atmosphere

include chemical equilibrium, mixing processes, photochemistry, and chemical diffusion.

Each of these processes dominate in a particular region of the atmosphere (see e.g. Fig. 1),

depending primarily on the incident irradiation and, hence, the temperature profile in the

atmosphere. Chemical equilibrium dominates in the deep atmosphere, typically for P & 1

bar where the high density and temperature lead to fast thermochemical reactions. At

the other extreme, photochemical reactions dominate in the upper atmosphere typically

for P . 10−3 bar where the incident UV/optical flux is high and the densities are too low

for thermochemical reactions to dominate. In the intermediate regions between these two

extremes dynamical processes, such as vertical mixing, dominate the chemical composition

of the atmosphere. Recent studies have investigated the critical dependence of all aspects
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of chemistry in exoplanetary atmospheres on the macroscopic parameters, e.g. the level of

stellar irradiation, metallicity, and C/O ratio (188, 186, 268, 287, 68).

3.3.2. Clouds/Hazes. A critical factor in the understanding of exoplanetary atmospheres

is the prevalence of clouds/hazes which can affect both the atmospheric processes and the

observed spectra. Numerous theoretical studies have posited the ubiquity of clouds in at-

mospheres at all temperatures. Detailed reviews on models of clouds/hazes in exoplanetary

and sub-stellar atmospheres can be found in (173, 163). While the clouds in solar system

planets are composed of volatile-rich condensates (e.g. H2O, NH3, hydrocarbons, etc.),

those in hot exoplanets can span a wide range of refractory-rich compositions. Models

of exoplanetary atmospheres over the years have explored the effects of a wide range of

clouds/hazes on exoplanetary spectra, both for irradiated planets observed via transit as

well as directly-imaged planets. Recent developments on the understanding of clouds/hazes

in exoplanetary atmospheres have proceeded in two directions. On one hand, there have

been major efforts on self-consistent cloud modelling at varying levels of detail - from one-

dimensional self-consistent models (e.g., 172, 182, 68) to three dimensional cloud models

(202, 67), as well as detailed studies of clouds microphysics (103). On the other hand,

various studies have explored the range of cloud compositions observable with existing and

upcoming facilities (176, 274, 205), spanning from refractory clouds in high-temperature

atmospheres to volatile clouds in low-temperature atmospheres.

SUMMARY POINTS

1. Advancements in atmospheric modelling of exoplanets have been made in various

directions, spanning 1-D to 3-D self-consistent models, atmospheric retrievals, and

models of various disequilibrium processes.

2. Self-consistent spectral models are used to compute the spectra of exoplanetary

atmospheres given the macroscopic parameters (e.g., gravity, irradiation, elemental

abundances) and assumptions of chemical and/or radiative-convective equilibrium.

3. Forward models range from one-dimensional equilibrium models to three-

dimensional general circulation models (GCM).

4. Atmospheric retrievals, or inverse modelling, involves using parametric models and

parameter estimation methods to derive atmospheric properties from observed

spectra. Derived properties include chemical compositions, temperature profiles,

cloud/hazes, and deviations from chemical or radiative equilibrium.

5. Disequilibrium models include detailed modelling of various processes that drive

atmospheres out of chemical and/or radiative equilibria, e.g., kinetic processes,

photochemistry, clouds/hazes, and atmospheric escape.

4. Atmospheric Characterisation of Exoplanets

The combination of state-of-the-art spectroscopic observations and theoretical modelling

and retrieval techniques have led to detailed constraints on a wide range of atmospheric

properties in numerous exoplanets. Atmospheres of nearly one hundred exoplanets have now

been observed in at least two photometric bandpasses, low resolution spectra have been ob-

tained for nearly 40 planets, and medium-high resolution spectra obtained for nearly ten
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exoplanets. This is a revolutionary development from a decade ago when barely 25 exoplan-

ets were known to transit and the first directly imaged planets were being discovered. These

new observations have led to unprecedented constraints on chemical compositions, temper-

ature profiles, clouds/hazes, atmospheric dynamics, and atmospheric escape, for numerous

exoplanets. Here we highlight some of the most recent advances in the characterisation of

exoplanetary atmospheres.

4.1. Chemical Compositions

The wide spectral range of exoplanetary spectra observed has enabled robust detections

of several key chemical species in their atmospheres, as shown in Table 1. As alluded to

in section 1, atomic and ionic species have strong absorption in the UV and visible due

to their electronic transitions. On the other hand, prominent molecular species of volatile

elements such as H2O, CO, CH4, etc. show strong absorption in the infrared due to their

rovibrational transitions, though heavier molecules such as TiO and VO also show strong

absorption in the visible. The combination of spectroscopic measurements at different

wavelengths and different observing techniques has led to a range of chemical compositions

observed in diverse planets. The different chemical species detected probe different regions

in the planetary atmosphere, as shown in Fig. 1. The strong UV and visible absorbers such

as the atomic species probe the upper regions of the atmospheres where photochemistry

is most active, with the ionic species probing the exospheres. On the other hand, the

molecular species probe the infrared photosphere between ∼1 mbar - 1 bar. Table 1 shows

the chemical species detected using each observing method. While transmission spectra

have been used to probe atmospheres over the entire spectral range from UV - infrared, the

emission spectra of both transiting planets and directly imaged planets have been observed

predominantly in the infrared where the thermal emission peaks.

Table 1: Chemical detections in exoplanetary atmospheres with different observing tech-

niques.

Transmission Spectra (Primary Eclipse)

Chemical Species Planet (References)

H2O

HD 189733b (178), HD 209458b (63),

WASP-12b (133), WASP-17b (171), WASP-19b (112),

WASP-39b (276), WASP-43b (132), WASP-52b (266),

WASP-63b (123), WASP-69b (266), WASP-76b (266),

WASP-121b (77), HAT-P-1b (275), HAT-P-11b (84),

HAT-P-18b (266), HAT-P-26b (277), HAT-P-32b (60),

HAT-P-41b (266), XO-1b (63)

Na

HD 189733b (214), HD 209458b (50), WASP-17b (244),

WASP-39b (194), WASP-52b (52), WASP-69b (48),

WASP-96b (193), WASP-127b (53), HAT-P-1b (195),

XO-2b (245)

Continued on next page
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Table 1 – Continued from previous page

Chemical Species Planet (References)

K

WASP-6b (192), WASP-31b (247), WASP-39b (244),

WASP-127b (53), HAT-P-12b (244), XO-2b (243), HD

80606b (55)

TiO WASP-19b (232)

AlO WASP-33b (273)

H
HD 189733b (116, 33), HD 209458b (272, 116), GJ 436b

(71)

He WASP-107b (253)

C HD 209458b (270)

O HD 209458b (270)

Li WASP-127b (53)

Ca HD 209458b (8)

Sc HD 209458b (8)

Mg WASP-107b (271), WASP-12b (83)

Si HD 209458b (223)

Emission Spectra (Secondary Eclipse)

H2O
WASP-43b (132), HD 209458b (151), HD 189733b (59),

WASP-121b (76), Kepler-13Ab (20), WASP-33b (102)

CO WASP-18b (236)

VO WASP-121b (76)

TiO WASP-33b (102)

HCN HD 209458b (101)

Continued on next page
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Table 1 – Continued from previous page

Chemical Species Planet (References)

High-resolution Doppler Spectroscopy

H2O
51 Peg b (25), HD 179949 b (39), HD 189733b (24), HD

209458b (101)

CO
τ Bootis b (37), HD 209458b (251), 51 Peg b (38), HD

179949 b (39), HD 189733b (219, 40)

TiO WASP-33b (196)

HCN HD 209458b (101), HD 189733b (47)

Ti, Fe, Ti+ KELT-9b (106)

Direct Imaging

H2O

HR 8799b (144), HR 8799c (129), HR 8799d (143), HR

8799e (143), κ And b (262), 51 Eri b (222), Gl 570D

(152), HD 3651B (152), β Pic (54), ULAS 1416 (149)

CH4

HR 8799b (14), 51 Eri b (222), GJ 504 (114), GJ 758 B

(115), Gl 570D (152), HD 3651B (152), ULAS 1416

(149)

NH3 Gl 570D (152), HD 3651B (152), ULAS 1416 (149)

CO HR 8799b (144), HR 8799c (129)

4.1.1. Atomic and Ionic Species. The first chemical detections in exoplanetary atmospheres

were of atomic and ionic species observed using HST transmission spectra in the optical

and UV (50, 272). Nearly 20 chemical species have now been detected in exoplanetary

atmospheres as shown in table 1. In recent years, chemical species have been detected both

from space, using HST, as well as large ground-based telescopes. Foremost among these are

detections of the alkali species Na and K, one or both of which have now been detected in

over a dozen transiting hot Jupiters. The Na doublet has peaks near 576.8 nm whereas K

peaks near 778.8 nm. Many of the Na and K detections have been made using the HST STIS

spectrograph in the visible (e.g., 244). Recently, He was also detected in the atmosphere of

a giant exoplanet using HST at 1083 nm (253). A major development in recent years has

been the ability to detect these species routinely and robustly using ground-based facilities.

While the first ground-based Na/K detections were already made a decade ago (e.g., 214),

recent observations are demonstrating nearly space-quality spectra from large ground-based
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telescopes such as VLT and GTC (193, 53). Besides Na and K, the first potential inference

of Li was also made from the ground recently using the GTC (53). The above detections

were made using medium-resolution spectra from space and the ground. On the other hand,

atomic species have also been detected using very high-resolution spectroscopy of transiting

planets, e.g. Na and K in the hot Jupiter HD 189733b (282) and Ti and Fe in the ultra hot

Jupiter KELT-9b (106).

In addition, several atomic and ionic species have also been discovered using transmission

spectra in the UV with HST. These are elements in the exosphere which originated from

photodissociation of molecules in the lower atmosphere followed by interactions with higher

energy UV photons in the upper atmosphere. Several of the detections are of Lyman

alpha absorption of exospheric hydrogen (H) at 121.6 nm using the HST STIS instrument

(272, 71). On the other hand, some heavier elements such as C, O, and Mg, have also been

detected in the NUV (270, 83). Overall, such exospheric elements have been discovered

in nearly ten giant exoplanets, mostly for hot Jupiters but also including a hot Neptune

(136, 71). Efforts to detect exospheric elements in super-Earths have not yet resulted

in detections but have provided important upper limits on the composition of the lower

atmosphere. For example, the non-detection of H in the super-Earth 55 Cancri e rules out

a hydrogen-rich atmosphere in the planet and places an upper-limit on the possible amount

of H2O in the atmosphere (70).

4.1.2. Molecular Species. The advent of high-sensitivity infrared spectrographs has made

it feasible to robustly detect molecules in exoplanetary atmospheres. The most important

molecules in planetary atmospheres are those containing the prominent elements after H

and He, namely O, C, and N. Theoretical studies have long predicted that key volatile

molecules such as H2O, CH4, CO, HCN, CO2 should be present in H2-rich atmospheres

at high temperatures, e.g. of hot Jupiters, depending on the metallicity, temperature, and

C/O ratios (e.g., 46, 189, 161). However, the search for these molecules in exoplanetary at-

mospheres is usually limited by the spectral range and sensitivities of available instruments.

A decade ago only a handful of molecular inferences were reported with very low resolution

spectro-photometric data which have since been revised in subsequent analyses. Here we

focus on the current state-of-the-art molecular detections.

A major development in this area occurred in the last few years with the advent of

the HST Wide Field Camera 3 (WFC3) (177) which allowed high-precision near-infrared

spectroscopy of transiting exoplanets (63). The spectral range of the HST WFC3 G141

grism of 1.1-1.7 µm contains strong spectral bands of key volatile species such as H2O, CH4,

NH3, and HCN, making it a prime instrument for molecular spectroscopy of exoplanetary

atmospheres. Among these species, H2O has the strongest features in this band and is also

predicted to be the most abundant oxygen-bearing species, besides CO, in high temperature

atmospheres (161, 188). In the last five years, spectra of nearly 40 transiting exoplanets

have been observed with HST WFC3 and robust detections of H2O have been reported in

over ten transiting exoplanets (63, 178, 132, 244, 266). Most of the detections were made

for gas giants, though H2O has also been detected in a few exo-Neptunes (85, 277). Beyond

H2O, initial indications have also been suggested for HCN and NH3 using HST WFC3

transit spectroscopy (158, 123). In addition, signs of TiO, VO, and AlO have also been

reported using HST and/or large ground-based facilities (102, 76, 232, 273).

Complementary to transmission spectra, molecular detections have also been reported

using thermal emission spectra of transiting exoplanets. Such spectra using HST WFC3
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Figure 5: Atmospheric H2O abundances for exoplanets in the literature. The abundances

shown here are those with uncertainties smaller than 2 dex. The methods used in each

case are denoted by colour; primary transit (orange), secondary eclipse (blue) and direct

imaging (green). The regions of sub-solar and super-solar abundances are shown in light and

dark blue, respectively. Methane abundances of the Solar System planets are shown in red

(since their water abundances are not known), and a power-law fit for these measurements

is shown by the red line. The methane abundances are obtained from the following sources:

Jupiter and Saturn (9, 281, 79), Neptune (121), and Uranus (254). The exoplanet H2O

abundances are from various works: HD 209458b (206, 151), HD 189733b (206, 278), WASP-

12b (206), WASP-43b (132), WASP-33b (102), TrES-3 (148), GJ 436b (187), HAT-P-26b

(277), WASP-39b (206), HR 8799 planets (143), κ And b (262).

have led to detections of H2O in the dayside of several hot Jupiters (e.g., 59, 132, 151) as

well as high-temperature molecules such as TiO (102) and VO (76). At a lower resolution,

inferences of CO have been reported in some hot Jupiters based on infrared photometry

using Spitzer in the 3.6 and 4.5 µm IRAC bands (e.g., 236).

Beyond transit spectroscopy, more molecular detections at high confidence have now

been made through direct imaging and Doppler spectroscopy. High resolution Doppler

spectroscopy has led to detections of various molecules including CO (251, 37), H2O (24),

TiO (196), and HCN (101) in hot Jupiters. At the same time, spectroscopy of directly

imaged planets have led to detections of CO (129), H2O (14, 129, 262, 222), and CH4

(14, 222, 114) in the atmospheres of several planets. Typically, current data quality for

directly imaged objects is significantly better compared to transit planets (129, 262, 160).

On the other hand, comparative characterisation of directly imaged planets are limited by

the much smaller number of objects know, compared to transiting planets, and the lack of
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prior knowledge about the masses, radii, and gravity.

4.1.3. Chemical Abundances. Beyond detections of chemical species, the high quality spec-

tra have also led to constraints on the atmospheric chemical abundances using detailed

retrieval methods. A recent review of retrieval methods and abundance constraints can

be found in (162). Here, we briefly highlight the state-of-the-art abundance constraints.

Despite the detections of a wide range of chemical species in tens of exoplanets, robust

abundance constraints are available for only a subset of those planets due to the challenges

in retrieving abundances from observed spectra. Firstly, constraints on chemical abun-

dances are presently possible using both transit spectroscopy (transmission and emission)

and thermal emission spectra of directly imaged planets. Currently, high resolution Doppler

spectroscopy on its own is not as sensitive to abundance determinations (24, 41). Sec-

ondly, even within transit spectroscopy reliable estimations of chemical abundances require

a wide spectral coverage and very high precision observations. In particular, in transmis-

sion spectroscopy robust spectra across the visible to near-infrared are required to break

the degeneracies between the chemical abundances and the presence of clouds/hazes in

the atmosphere. In emission spectra, high-precision observations are required to break the

degeneracies between abundances and temperature profiles.

Currently, the most stringent constraints on chemical abundances have been possible

for H2O. Observations of transit spectroscopy in the HST WFC3 band at 1.1-1.7 µm span a

strong H2O feature near 1.4 µm. Furthermore, the HST STIS band in the optical provides

important constraints on clouds/hazes in the atmosphere, thereby resolving degeneracies

with composition. Such observations have been used to retrieve H2O abundances for over

ten transiting hot Jupiters and Neptunes (16, 206, 277). Similarly, emission spectra in the

near-infrared with HST WFC3 have led to constraints on H2O abundances in the dayside

atmospheres of several hot Jupiters (132, 151). In addition to this, ground-based spectra of

directly imaged planets have also provided initial constraints on H2O abundances (262, 143).

The estimated H2O abundances in transiting and directly-imaged planets are shown

in Fig. 5. Most of the H2O abundance estimates are derived from transmission spectra

obtained using HST STIS and WFC3 instruments spanning the optical to near-infrared

instruments. While the infrared WFC3 spectral range contains the H2O feature the opti-

cal range is necessary to resolve degeneracies with clouds/hazes. Overall, the abundance

estimates from transmission spectra across all transiting hot Jupiters known to date are

consistent with sub-solar H2O abundances. Whether such low abundances are due to low

metallicities in the atmosphere or high C/O ratios is currently unknown. A detailed dis-

cussion on these aspects can be found in (162). The handful of constraints obtained from

emission spectra of a few transiting exoplanets are consistent with both sub-solar and super-

solar H2O abundances given their larger uncertainties. On the other hand, directly imaged

planets with their superior spectral quality have led to much more precise abundance esti-

mates and indicate super-solar H2O abundances (262, 143).

4.2. Clouds/Hazes

Inferences of clouds/hazes in exoplanetary atmospheres have been made using varied tech-

niques and instruments. The effect of clouds/hazes on exoplanetary transmission spectra is

evident through (a) subdued spectral features of prominent chemical species (63), and (b)

slopes in optical spectra that are deviant from gaseous Rayleigh scattering (209). In addi-
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tion, the effects of clouds have also been inferred through optical phase curves of transiting

exoplanets (64, 242, 91, 200) as well as a few reflection spectra (75, 175). At the same time,

clouds have also been inferred in directly imaged planets through the modulation of their

spectral features in the infrared (173). A survey of observational inferences of clouds/hazes

until a few years ago can be found in (163). Here, we outline some key trends.

One of the most surprising findings from the large ensemble of exoplanetary transmission

spectra observed is the consistently low spectral amplitudes of H2O absorption features. In

the tens of transmission spectra observed to date, for exoplanets over a wide range of masses

and temperatures from cool super-Earths to ultra hot Jupiters, every single one has a H2O

feature that is below two scale heights (86, 255, 58). This is in stark contrast to expectations,

for which a saturated spectral feature in a transmission spectrum is expected to have an

amplitude of ∼5-10 scale heights. The low spectral amplitudes may indicate either lower

H2O abundances than assumed in equilibrium models (166), the presence of high-altitude

clouds obscuring part of the atmosphere (80, 63), or a high mean molecular weight (150).

One way to break the degeneracy is through observations in the optical which, as discussed

above, can constrain the scattering mechanisms and hence the presence of clouds/hazes.

A recent survey of transmission spectra (244) spanning the optical and infrared range

provided important constraints on both the properties of clouds/hazes as well as the H2O

abundances in ten hot Jupiters. Initial inferences of the data using forward equilibrium mod-

els reported the possibility of clouds with no evidence for H2O depletion (244). However,

as discussed in previous section, subsequent studies using atmospheric retrieval methods

showed evidence for depleted H2O abundances in most of the planets in the sample, along

with varied levels of clouds/hazes (16, 206). These studies show a diverse range of cloud

properties, including the optical slopes, cloud fractions, and cloud-top pressures. Most im-

portantly, these studies show the critical role of the optical range in transmission spectra

for constraining both the clouds/hazes as well as the composition. Indeed, other stud-

ies that used only near-infrared HST WFC3 spectra show significantly weaker constraints

on the cloud parameters and/or the H2O abundances (266). On the other hand, the low-

temperature super-Earths and Neptunes have mostly shown flat spectra in the WFC3 band-

pass (131, 124) with a few exceptions (85, 277), which indicate the predominance of clouds

in low-temperature atmospheres.

The potential pervasiveness of clouds/hazes has motivated various studies to devise

empirical metrics to quantify the cloudiness in exoplanetary atmospheres. Some studies

suggest a metric based on the amplitude of the H2O feature relative to the continuum

in adjacent wavelengths (244, 255), or the amplitude of the Na/K line centre relative to

their adjacent continua (104). Using known transmission spectra these studies find an

intuitive anti-correlation between irradiation and cloud levels, i.e., the likelihood of clouds

in atmospheres of hot Jupiters decreases with increasing equilibrium temperature.

4.3. Temperature Structures

Temperature profiles of planetary atmospheres provide important insights into radiative

processes and their interplay with chemical and dynamical processes. Measurements of

pressure-temperature (P-T) profiles in exoplanetary atmospheres are obtained primarily

from thermal emission spectra. An emission spectrum probes the brightness temperature

in the atmosphere as a function of the wavelength and, hence, the pressure or altitude

corresponding to the photosphere at that wavelength. In principle, transmission spectra of
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transiting planets also provide some constraints on the temperature at the day-night termi-

nator region of the atmosphere but the constraints are relatively weak. This is because there

is almost no information in a transmission spectrum about emission from the planet, and

the constraint on temperature is primarily through the atmospheric scale height which gov-

erns the amplitude of the absorption feature. Therefore, the most stringent constraints on

P-T profiles in exoplanetary atmospheres have been obtained for dayside thermal emission

spectra of transiting hot Jupiters. A detailed review of observational inferences of atmo-

spheric P-T profiles in exoplanets and their theoretical implications have been discussed in

several recent works (167, 163, 162). Here we focus on the latest developments in this area

and future directions.

Recently, new directions are emerging in our understanding of P-T profiles in exoplanets.

Originally, constraints on P-T profiles were obtained using only two or more channels of

broadband photometry (e.g., at 3.6 µm and 4.5 µm). However, current inferences are based

on HST WFC3 spectra in the near-infrared in the 1.1-1.7 µm band along with Spitzer

photometry, making the inferences much more robust. Broadly, three classes of P-T profiles

have been robustly measured in hot Jupiters: (1) P-T profiles with no thermal inversions, (2)

P-T profiles with thermal inversions, and (3) isothermal profiles. Almost all the hot Jupiters

observed to date with equilibrium temperatures below ∼2000 K show temperature profiles

clearly decreasing outward, i.e., with no thermal inversions. More irradiated hot Jupiters

show a greater diversity of P-T profiles. Most of these extremely irradiated planets show

P-T profiles consistent with isothermal profiles. A handful of these planets also show P-T

profiles with no thermal inversions, i.e. with temperatures decreasing outward. And finally,

after over a decade of searches, three ultra-hot Jupiters (Teq & 2500 K) have been found

with detections of thermal inversions in their dayside atmospheres: WASP-18b (236, 6),

WASP-121b (76), and WASP-33b (102). In summary, while it is now evident that very

high temperatures (& 2500 K) are a necessary condition for thermal inversions, it is not a

sufficient condition since some ultra-hot Jupiters show no signs of thermal inversions (20).

Observational constraints are beginning to provide new insights into the conditions re-

sponsible for thermal inversions in irradiated hot Jupiters. Given that thermal inversions are

being seen only in the most highly irradiated planets, the so-called ‘ultra-hot Jupiters’, there

is support to the original prediction of TiO/VO being the candidate UV/visible absorbers

(111, 81) that are causing the inversions. In particular, observations of both WASP-33b and

WASP-121b have indicated emission features of TiO (102, 196) and VO (76), respectively.

While WASP-18b has not revealed any spectral signatures of TiO/VO, (6) suggested H−

opacity as the putative cause. Another aspect of the ultra-hot Jupiters with inversions is

that none of the spectra show evidence for strong H2O features but do show evidence for

CO features. The under-abundant H2O is evident from the muted H2O feature in the HST

WFC3 band at 1.4 µm whereas the significant CO is evident from the excess emission in the

Spitzer 4.5 µm band. These ultra-hot Jupiters have now become the new testing ground

for hypotheses on thermal inversions.

Two competing hypotheses have been put forth to explain the thermal inversions and

the lack of strong H2O features from infrared spectra of ultra hot Jupiters. One possibility is

a super-solar C/O ratio (&1) in these atmospheres which can cause low H2O abundance and

high CO abundance (161, 188, 236). An alternate explanation is that thermal dissociation

of H2O at these high temperatures is responsible for depleted H2O, while molecules such

as CO and TiO are relatively more stable (6, 201, 154). The thermal dissociation is also

accompanied by H− production. This hypothesis can be tested if H− can be retrieved from
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observed spectra. Currently, inferences of H− (e.g., in WASP-18b) are based on grids of

equilibrium models explored to match the data rather than retrieving statistical constraints

on the H− abundance from the data (6). Furthermore, another ultra-hot Jupiter, Kepler-

13Ab, which is hotter than WASP-18b, shows a strong H2O feature in absorption indicating

the presence of H2O and lack of thermal inversion. This latter anomaly has been explained

as due to the high mass and gravity of Kepler-13Ab which enhance cold-trap processes

removing inversion-causing species (20).

Beyond thermal inversions, temperature profiles also provide important constraints on

other atmospheric processes. As discussed above, most of the planets observed to date

show temperature profiles with no thermal inversions. For irradiated planets, this implies

a lack of strong UV/visible absorbers in their atmospheres. On the other hand, for non-

irradiated planets such as those observed with direct imaging, the P-T profiles are naturally

expected to be devoid of thermal inversions due to the lack of incoming radiation. This

is consistent with observed emergent spectra of directly-imaged planets all of which show

only absorption features (14, 129, 160, 29) and the retrieved P-T profiles also show profiles

with no inversions (143).

4.4. Atmospheric Dynamics

New observations are leading to detailed constraints on atmospheric circulation patterns

in hot Jupiters. Constraints on atmospheric dynamics have been obtained with a variety

of observations, such as (1) thermal phase curves (286), (2) measurements of wind speeds

(251), (3) eclipse mapping (61). While thermal phase curves in individual photometric

bandpasses have been obtained for a large number of exoplanets, full phase resolved spectra

have also been obtained (256, 134) allowing for detailed retrievals of composition and vertical

temperature profiles as a function of orbital phase, as well as the brightness temperature

maps as a function of pressure or depth in the atmosphere. The phase curves also provide

constraints on day-night temperature contrasts and the location of the day-side hot spot

with respect to the sub-stellar point. On the other hand, high-resolution spectroscopy of

key species such as CO and Na are providing direct constraints on the wind speeds in the

atmospheres of hot Jupiters (251, 155).

Observations of thermal phase curves of exoplanets are commonplace today. Phase

curves have been observed with a number of facilities, including Spitzer, HST, and Kepler.

Most of the observations have been conducted for hot Jupiters, however recently a thermal

phase curve was reported for the transiting super-Earth 55 Cancri e (65). The ensemble of

observations has provided two main insights into atmospheric dynamics and energy trans-

port in irradiated exoplanets (e.g., 122). Firstly, observations generally confirm the trend of

lower energy circulation efficiencies (i.e., increased day-night temperature contrasts) with

increasing irradiation (i.e., equilibrium temperature). Secondly, and consequently, the ma-

jority of phase curves of hot Jupiters show the hot spot in the dayside atmosphere shifted

downwind away from the sub-stellar point, as predicted by General Circulation Models.

High-resolution Doppler spectroscopy of hot Jupiters has led to measurements of wind

velocities in their atmospheres consistent with predictions of GCMs. Such measurements

were first reported for the hot Jupiter HD 209458b using CO absorption in the near-infrared,

observed during transit (251), which showed limb-averaged wind speeds of 2 ± 1 km/s.

Similar measurements were made for the hot Jupiter HD 189733b using the Na absorption

line observed in a high-resolution transmission spectrum in the optical (282) and initially
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Figure 6: Atmospheric dynamics in hot Jupiters. Left: Theoretical predictions from a GCM

of HD 189733b showing an eastward jet and shifting of the hot spot away from the substellar

point (241). Wind vectors are shown with arrows and the coloured temperature scale is in

Kelvin. Right: Reconstruction of thermal brightness map for the hot Jupiter HD 189733b

using thermal phase curve observations in the Spitzer 8µm IRAC band (125), conforming

with the GCM simulations. Figure courtesy Adam Showman.

Figure 7: Atmospheric escape of the warm Neptune GJ 436b seen as a strong absorption

signature of the stellar HI Lyman-α emission line, based on (71). The figure shows the

Lyman-α transit light curve, where each data point is obtained by integrating the flux from

the blue wing of the Lyman-α line as a function of time. The optical transit of GJ 436b is

shown by the thin horizontal black line and the in-transit time by the vertical green region.

Data are from (71) and (142). The blue curve is the model that best fits the spectra as a

function of time, resulting from the particle simulation of (32), shown in the inset (where

the system is drawn to scale and pole-on). Figure courtesy David Ehrenreich.

reported high wind speeds of 8 ± 2 km/s. The wind speeds were subsequently revised by

(155), by accounting for the Rossiter-McLaughlin effect, to be 2.3+1.3
−1.5 km/s and 5.3+1.0

−1.4

km/s eastward on the leading and trailing limbs of the planet, respectively, suggesting a

strong equatorial jet. Such measurements are consistent with predictions from GCMs of
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hot Jupiters such as HD 209458b and HD 189733b, which show strong eastward equatorial

jets and wind velocities of ∼1-3 km/s (239, 238, 287, 153). Observations such as these

provide direct evidence for atmospheric dynamics in hot Jupiters, in addition to thermal

phase curves discussed above.

4.5. Atmospheric Escape

As discussed in section 4.1, transmission spectra of transiting exoplanets in the UV have led

to strong detections of several atomic species since the early observations of (e.g., 272). In

particular, detections of exospheric H using observations of Ly-α absorption in the UV have

been reported for a number of giant exoplanets, some recent results include (33, 71). Such

observations now only allow key insights into the chemical composition of an exosphere but

also provide important constraints on hydrodynamic escape processes, the mass loss rates,

and the morphology of the escaping cloud. An extensive discussion of this area can be

found in the very recent review of (199) and will not be covered in much detail here. We

will note, however, that two key directions are emerging in this area. First, it is becoming

evident that highly irradiated Neptune-mass planets orbiting low-mass stars provide the

best targets for investigating atmospheric escape processes, e.g., the cases of GJ 436b (71)

and GJ 3470b (35). Figure 7 shows the example of GJ 436b. Second, the recent detections

of He in the near infrared (253) has opened a new avenue to probe exoplanetary exospheres,

both from space using HST as well as from ground (4). These various detections of atomic

species have motivated a wide range of theoretical and observational efforts to study escape

processes in exoplanets (199).

SUMMARY POINTS

1. The combination of state-of-the-art spectroscopic observations with atmospheric

modeling and retrieval techniques has led to a wide range of constraints on atmo-

spheric properties of giant exoplanets.

2. Chemical detections at high confidence include atomic species (H, He, Na, K, Ti,

Fe, C, O, Mg) and molecular species (H2O, CO, HCN, TiO, VO, AlO, CH4).

3. Reliable abundance constraints are available primarily for H2O in transiting giant

exoplanets. Transmission spectra of most hot Jupiters observed in the visible and

near-infrared reveal sub-solar H2O abundances.

4. Clouds/hazes have been inferred in a number of giant exoplanets, primarily from

subdued spectral features and non-Rayleigh slopes in optical transmission spectra.

5. Thermal emission spectra provide key constraints on temperature profiles of gi-

ant exoplanets. Thermal inversions have been detected robustly in three ultra-hot

Jupiters, with the remaining planets showing no thermal inversions or isothermal

profiles.

6. Atmospheric circulation patterns have been constrained using thermal phase curves,

phase resolved spectra, measurements of wind speeds and/or eclipse mapping.

7. Atmospheric escape has been observed in several giant exoplanets with hot Neptunes

emerging as optimal candidates for detecing exospheres.

8. Overall, atmospheric characterisation is a revolutionary development in the exoplan-

etary field that only promises to grow as theoretical and observational developments

continue.

28 N. Madhusudhan

37



5. Implications for Planetary Formation

Chemical compositions of planetary atmospheres can provide important insights into their

formation and evolutionary mechanisms. As chemical abundances are being measured for

exoplanetary atmospheres, an increasing number of studies have been investigating the

possibility of using such abundances to answer various open questions about exoplanetary

formation. Such studies have mostly focused on giant exoplanets for two main reasons.

Firstly, accurate abundance estimates are still only feasibly for giant exoplanets given their

higher S/N spetra. Secondly, the H2/He dominated primary atmospheres of giant exoplan-

ets make them important tracers of their accretion history.

5.1. The Basic Picture

The ultimate goal of this area is to constrain the primordial formation pathways of exoplan-

ets using their present-day observable chemical abundances. Planetary formation involves

a large number of highly complex and stochastic processes. At the outset, therefore, it is

imperative to establish which particular aspects of planetary formation can be constrained

by atmospheric abundances. The basic set-up of the problem is as follows. The primary

assumption is that the initial elemental composition of the protoplanetary disk in which a

planet formed is the same as that of the host star, since both are expected to have collapsed

from the same protostellar cloud. After the initial collapse, the disk cools in time during

which the thermodynamic properties of the disk midplane evolve accordingly. As the disk

cools, the snowlines of the various volatile species move inwards towards to the star. As a

result, the chemical compositions of both the gas and solids in the disk evolve as a function

of time and location in the disk. For example, H2O remains in solids outside the H2O snow

line whereas inwards of the snow line it contributes to the gas composition. The same hap-

pens with all the prominent volatile species such as CO2, CO, N2 and CH4, which strongly

affect the elemental abundance ratios of key elements (e.g., O, C, N) in the disk mid-plane.

Therefore, the chemical composition of a planet depends on the location and time of

its formation in the disk as well as the relative amounts of gas and solids it accretes during

its formation. Since the planet may migrate through the disk during formation, the net

composition is governed by the cumulative accretion history of the planet over its migration

pathway. Beyond this basic picture, there are various other complications. For example, the

disk itself can have structural inhomogeneities in the form of gaps and overdensities. The

solids may be present in a wide distribution of sizes, from micron-sized dust grains to large

planetesimals. The disk composition can be affected by various thermal and photochemical

processes. Moreover, all these processes happen simultaneously, i.e., the planet forms and

grows by accreting while migrating in an evolving disk. At the end of this process, all the

material accreted by the planet is reprocessed in the planet post formation, finally resulting

in the chemical composition observed in its atmosphere today.

Therefore, the goal of constraining planetary formation processes from atmospheric

compositions is a daunting ambition. It is unrealistic to expect for all the involved processes

to be constrained solely based on end products. A more reasonable approach is to explore

this landscape to assess if any broad regions of the phase space can be constrained or ruled

out and to present testable hypotheses given possible atmospheric observations. It is with

this spirit that various studies have embarked on this formidable journey.
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5.2. Compositions of Accreted Material

The composition of a planet depends on the composition of the material it accretes from

the disk both in gas and solid phase. While the gas phase of the disk is mostly composed of

H and He with trace quantities of heavy elements, the opposite is true for solids. Therefore,

a relatively smaller mass of solids accreted compared to gas can make a disproportionately

large contribution to the metallicity of the planet. For example, all the heavy elements

in a given amount of solar composition gas amount to only ∼1% by mass. Therefore, the

relative amounts of gas to solids accreted by a planet determines the heavy metal content

of the atmosphere. On the other hand, the compositions of the gas and dust both evolve in

time and orbital distance in the protoplanetary disk (73). While various factors govern the

evolution of different disk properties, the most relevant property influencing the composition

in the disk mid-plane is temperature which is cooler at larger distances and later times. The

mid-plane temperature governs the locations of the snow lines of prominent chemical species

which in turn govern whether a particular species is in gas phase or solid phase at a given

location.

Several studies have investigated the compositions of gas and solids that could be ac-

creted by giant planetary atmospheres. The simplest picture is one of a steady state disk

where the mid-plane compositions of the gas and solids are determined solely based on

the location in the disk relative to the relevant snow lines. Initial studies considered fixed

composition disks where the abundances of prominent species (e.g. H2O, CO, CO2) were

adopted based on observations of protoplanetary environments and the interstellar medium,

or on theoretical models (197, 190, 164). With the abundances fixed, the disk temperature

at a given orbital distance governs whether each of these species is in gas phase or in solid

phase. The sublimation temperatures of these species are such that the H2O snow line is

closest to the star (nominally around 5 AU) followed by snow lines of CO2, CO, and other

gases such as CH4, N2, and noble gases, in that order. For example, between the H2O

and CO2 snow lines, H2O is in solid ice phase whereas all the other volatiles are in gas

phase. Therefore, how much gas versus ice is accreted onto the planet at a given location

decides how much of each species is accreted onto the planet. The sum-total of all the

accreted species contributes to the net elemental abundances of oxygen, carbon, nitrogen,

etc. Already from this simple picture it is clear that the oxygen abundance in the gas de-

creases outward in the disk, with a decrement at each snow line, whereas that in the solids

increases. This implies that the C/O ratio in the gas increases whereas that in the solids

decreases as a function of distance in the disk (197). Figure 8 shows the variation of the

C/O ratio in the gas and solids in the disk midplane. Therefore, depending on how much

gas versus solids a planet accretes at a given formation location it can accrete a wide range

of C/O ratios, spanning sub-solar or super-solar C/O ratios; the solar C/O ratio is 0.54 (7).

Beyond the simple picture above, a host of other processes can influence the gas and solid

composition in the disk midplane over time (73).

5.3. End-to-end Studies

In recent years various studies have explored the effects of different formation pathways on

the final compositions of giant exoplanets. Detailed reviews on the evolution of this area

until recently can be found in (163, 210, 140). Figure 9 shows the carbon-oxygen plane with

predictions from models assuming different formation pathways.

Here, after briefly summarising initial works, we focus on the latest developments and
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the future landscape of this area. The first studies in this direction in the context of

giant exoplanets were motivated by the possibilities of measuring elemental abundances

and C/O ratios in their atmospheres. Traditionally, solar-system based formation models

were used to explain such elemental abundance ratios in giant exoplanets. These argued for

local inhomogeneities in formation conditions to explain non-solar abundances (191, 169).

However, (197) noted that even in a solar-composition disk, with a C/O ratio of 0.54 (7), the

C/O ratio of gas and solids in the disk mid-plane changed as a function of radial distance

relative to the snow lines of prominent species such as H2O, CO, and CO2. They argued

that beyond the CO2 snow line, the gas composition is dominated by CO, giving it a C/O

ratio of 1, such that giant planets forming in such regions with predominant gas accretion

can have C/O ratios of 1. This study was followed by (164) who showed that a wide range of

C/O ratios and metallicities are possible in giant exoplanets depending on their formation

and migration pathways relative to the snowlines. In particular, high C/O ratios (∼1) and

sub-stellar metallicities in giant exoplanets were shown to be possible only via mechanisms

that did not involve significant solid accretion into the envelope, e.g., disk-free migration or

through pebble accretion without core erosion (165). Meanwhile, a wide range of C/O ratios

and super-solar metallicities were possible for disk migration through abundant accretion

of planetesimals (164, 184).

The early studies have been followed by various end-to-end studies which investigated

the effects of a wide range of formation conditions on atmospheric compositions of giant

exoplanets (184, 165, 56, 1, 31, 3). These studies have focused largely on hot Jupiters, which

are most amenable to atmospheric abundance measurements . These models attempt to

accurately capture the formation of the planet, via different mechanisms, while accounting

for the chemical inventory of the accreted material. The important differences between

the models are in the treatment of the disk chemistry, the specific accretion efficiency of

solids versus gas, and in the nature of the accreted material. For example, (184) reported

an integrated chain model which comprises the formation of the planet by core accretion,

migration through the disk, and chemical enrichment caused by planetesimal accretion.

They explore two formation pathways, depending on the formation location of the planet

relative to the H2O snow line. In this model, the atmospheric elemental composition of the

planet is dominated by planetesimal accretion and, regardless of the two formation locations,

the composition is predominantly oxygen-rich; owing to significant accretion of H2O ice. On

another front, (56) reported models where the chemistry is treated with an astrochemical

model coupled with a disk evolution model. The planet formation is governed by core

accretion with gas and planetesimal accretion and formed in specific regions (‘traps’) in the

disk. They also find planets with oxygen-rich C/O ratios of 0.23, owing to an assumed lower

C/O ratio in the disc and the assumption of no planetesimal accretion. (269) also found

giant planets with high water abundances, but did not compute C/O ratios. Overall, across

these various studies, planets formed via core accretion involving significant planetesimal

accretion and migration through the disk result in oxygen-rich composition of the planetary

envelopes (164, 184, 56).

More recent studies have investigated alternate mechanisms that can influence the heavy

element content in giant exoplanetary atmospheres. One new direction explored in this con-

text is the formation of giant planets via pebble accretion and migration through the evolv-

ing disk with a given chemical prescription (165). The important aspect of this formation

mechanism (139) is that the solid accretion occurs predominantly during the formation of

the core until the pebble isolation mass is reached, following which gas accretion dominates

www.annualreviews.org • Exoplanetary Atmospheres 31

40



0.0

0.2

0.4

0.6

0.8

1.0

C
/O

 r
a
ti

o

H2O CO2 CO

Solid

Gas

Pebble drift

100 101 102

Radius [au]

0.0

0.2

0.4

0.6

0.8

1.0

A
b

u
n

d
a
n

ce

C/H (solid)

O/H (solid)

C/H (gas)

O/H (gas)

Figure 8: Top:Variation of the C/O ratio of the gas and solids in a disc due to freeze-out.

The CO, CO2 and H2O snow lines are shown. The width of the snow lines is set by the

balance of adsorbtion vs thermal desorption (31). The dotted line shows a typical case

where pebble drift has enhanced the C/O inner the inner region (2, 31). Conversely, the

conversion of CO to CO2 and complex organic molecules reduces the C/O ratio of the gas

and increases the C/O ratio of the ices (e.g. (72, 73)). Bottom: Abundance of carbon and

oxygen relative to solar in solid and gas phases.

with almost no solid accretion. In this scenario, the envelope composition is dominated by

the gas composition, which is typically metal poor and the accreted solids are sequestered

in the core. This leads to generally sub-stellar metallicities and the C/O ratio of the en-

velope depends on the location of accreted gas relative to the snow lines. In principle,

super-stellar metallicities and low C/O ratios can also be attained if the cores are allowed

to erode and contribute to the envelope composition (1, 165). Beyond this picture, how-

ever, further studies have considered the effect of pebble drift on the composition of gas in
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Figure 9: Carbon and oxygen abundances arising from different core accretion models of

giant planet formation. The circles denote planets formed by pebble accretion, taking

into account the chemical evolution driven by pebble migration (31). Models based on the

planetesimal accretion scenario taking into account migration are shown as plus signs (164).

The point colours denote the chemical abundance models used from (164): the case 1 and

2 equilibrium models are shown in blue and orange, and the case 2 no-reactions model in

green. The purple stars show the models of Jupiter mass planets from (184), while the

models of (57) are given by the red star.

the disk (207, 31). Inward drifting pebbles sublimate at each snow line crossing, thereby

enriching the metallicity of the gas inward of the snow line. A planet formed by accreting

such metal-rich gas can naturally possess both high metallicities and a wide range of C/O

ratios depending on the specific formation pathway. Overall, the pebble accretion paradigm

provides a natural way to explain a wide range of metallicities as well as C/O ratios in giant

exoplanetary atmospheres. A new generation of studies are now beginning to investigate
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the effect of complex disk chemistry on the compositions of the planets formed via different

mechanisms. In previous studies, the treatment of chemistry in the disk was simplistic

based on fixed condensation fronts depending on the mid plane temperature (197, 164).

New studies considering full chemical kinetics along with the evolving disk show significant

evolution in the gas and ice compositions (e.g. C/O ratios) of the disk mid-plane beyond

what fixed chemical prescriptions assume (73). Future end-to-end models including such

full chemical treatment may find a wider diversity of planetary compositions than currently

predicted. A recent study with an end-to-end model combined a full chemical model with

a hydrodynamical model of planet formation by gravitational instability (113). They sug-

gested the possibility of dust grains, along with their volatiles, sedimenting to the cores

and preventing the enrichment of their envelopes with the volatiles. Therefore, planetary

envelopes formed via gravitational instability may not entirely reflect the bulk composition

of the formation locations. Finally, new studies are also suggesting that besides the carbon

and oxygen abundances, the nitrogen abundance may also be an important diagnostic of

planetary formation pathways (208, 30).

SUMMARY POINTS

1. The key goal is to use elemental abudances in exoplanetary atmospheres to con-

straint their formation and migration history. Basic premise: elemental composition

of protoplanetary disk same as the protostellar nebula.

2. Composition of the disk (e.g. C/H, O/H, C/O ratios) in gas and solids change

as a function of orbital distance and age, with snow lines of H2O, CO, and CO2

governing key transitions in elemental abundances. Further in the disk beyond the

CO2 snowline the C/O ratio in the gas approaches 1.

3. Giant planet composition depends on the relative amounts of gas vs solids accreted

by the planet from different locations in the disk relative to the snow lines.

4. Giant planet formation via core accretion with significant planetesimal accretion and

migration through the disk leads to super-solar metallicities and sub-solar (oxygen-

rich) C/O ratios, i.e., C/O . 0.5.

5. Giant planet formation beyond the CO/CO2 snow lines but with disk-free migra-

tion can lead to sub-solar metallicities and carbon-rich compositions with C/O

approaching 1.

6. Giant planet formation by pebble accretion can lead to a diverse range of metallic-

ities and C/O ratios depending on the efficiency of core erosion as well the contri-

bution of pebble drift to the disk composition.

6. Habitable Planets and Biosignatures

The detection of a biosignature in the atmosphere of a terrestrial-size planet represents the

holy grail of exoplanetary science. The current population of discovered transiting exo-

planets contain dozens of rocky exoplanets in their habitable zones (138). It is conceivable

that a chemical signature in the atmosphere of a habitable exoplanet may be discovered

within the next decade with large facilities in space (e.g. JWST) and ground (e.g. E-ELT).

However, whether or not the detected chemical will be a robust signature of life is a subject

of much debate (179, 49). Nevertheless, the prospects of finding a potential biosignature in
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the atmosphere of a terrestrial exoplanet are promising given the rapid increase in new dis-

coveries of such planets and the new observational facilities on the horizon. Recent reviews

of various aspects of this area can be found in (179, 49, 87, 228, 163)

6.1. Habitable Planets

One of the most revolutionary findings from exoplanet detection surveys has been the high

occurance rate of rocky exoplanets in the solar neighbourhood (88). Earth-size planets

are now known to be very common, and more so around low-mass stars. In particular,

dozens of terrestrial-size exoplanets are known with equilibrium temperatures conducive

for liquid water to exist on the surface. In principle, these planets may be be classed as

habitable-zone planets, though the extent of a habitable zone is subject to the planetary

interior and atmospheric properties as well as the astrophysical conditions assumed. A

detailed review of the various factors affecting habitability of terrestrial exoplanets can be

found in various recent works (97, 228, 130, 95, 119, 235, 99). These factors include the

atmospheric and geophysical conditions in the planet, its orbital parameters and evolution,

the nature and evolution of the host star and its environment, magnetospheric protection,

and the planet’s formation history, among other factors. The dozens of potentially habitable

planets now known are found orbiting mostly late-type K and M stars, meaning their

environmental conditions may be expected to be very different and diverse compared to the

terrestrial experience. An exact Earth analog is yet to be discovered. From an observational

standpoint, however, planets orbiting late-type stars provide a fortuitous opportunity to

characterise their atmospheres. Their small stellar sizes provide large planet-star contrasts,

both in radius and flux, making them conducive for transit spectroscopy. This ‘small star

opportunity’ has emerged to be the cornerstone in the search for habitable planets and

biosignatures in the near future. In particular, the recent discoveries of habitable-zone

planets orbiting nearby stars such as TRAPPIST-1 (92) and Proxima Cen (5) provide new

impetus in this direction. As discussed below, discovering biosignatures in the atmospheres

of such planets may be within the reach of upcoming observational facilities.

6.2. Biosignatures

The ultimate breakthrough in exoplanetary science will be the detection of a biosignature

in the atmosphere of a rocky habitable-zone exoplanet. But, what is a biosignature? Nom-

inally, an ideal biosignature gas would need to satisfy some natural conditions (230), such

as (a) it should not have any false positives, i.e., should not be a product of non-biological

mechanisms, (b) it should have strong enough spectral features to be detectable, and (c)

it should be abundant enough to be detectable. Traditionally, the prominent biosignatures

based on the Earth’s atmosphere were thought to be O2, O3, N2O, and CH4; though CH4

is known to be produced in minor quantities geologically (49). By far, the most promising

biosignature for Earth-like planets had originally been considered to be O2 and, hence,

O3. However, recent studies suggest the possibility of abiotic mechanisms which can also

produce O2 in detectable quantities (179). It may be safe to say that currently there is no

single molecule that may qualify as a unique biosignature upon detection in extraterrestrial

atmospheres. Nevertheless, recent studies are suggesting several approaches for progress in

this direction. Firstly, any assessment of a biosignature has to take into account various as-

pects of the environment that are required for the planet to be conducive to life (49). These

include characterisation of the stellar host and bulk properties of the planet as well as the
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atmospheric ‘climatic’ conditions. Ultimately, a probabilistic measure of life may be more

plausible than a binary inference (49). Furthermore, while there is no single ideal molecule,

the combination of multiple species (e.g. O2 and CH4) may be a potential biosignature

under the given conditions. In this regard, a detection of O2 and CH4 and/or N2O along

with liquid H2O on a habitable-zone planet, i.e. an almost exact Earth analogue, may be a

sure sign of life.

While designing metrics centered on terrestrial experience may be a convenient starting

point, it will likely serve us better to be open to surprises. As is common experience in

exoplanetary science, reality has rarely conformed to our expectations. From planetary

detections to atmospheric studies, most of the findings to date have defied expectations.

Initial studies show that the possible space of biochemical byproducts may comprise of

numerous chemical species (226, 228), and may indeed be non-denumerably infinite. For

example, species such as O2, O3, N2O, CH4, CO2, CH3SH, CH3Cl, C2H6 and NH3, may all

be potential bio-signatures in Earth-like conditions (226, 228). In addition, different stellar

environments may reduce or increase the chances of potential biosignatures. For example,

while planets around M dwarfs may be subject to an extremely harsh UV environment

which can be catastrophic for terrestrial-like life (234, 119), the same environments may

also be conducive for abiogenesis, producing species essential for primordial life such as

HCN (216, 217).

6.3. Observational Prospects

A prudent approach to searching for biosignatures in terrestrial exoplanets is likely to be

one that is driven by observational capability rather than terracentric predictions of an ideal

biosignature. Several recent studies have discussed the observational capabilities of upcom-

ing facilities that would be sensitive to detecting chemical signatures in rocky exoplanets

(119, 229, 226, 87). Atmospheric characterisation of Earth-like planets around sun-like stars

may be beyond the capabilities of current and upcoming facilities. However, a more promis-

ing pathway that has emerged in recent years is the atmospheric characterisation of planets

orbiting low-mass stars such as TRAPPIST-1 (92) and Proxima Centauri (5). Recent stud-

ies show that dedicated spectroscopic observations with JWST could take us within the

reach of detecting chemical signatures for habitable planets in both TRAPPIST-1 (185, 17)

and Proxima Cen b (252). Furthermore, these atmospheres may also be probed by large

ground-based facilities (e.g. E-ELT) using a combination of high-resolution spectroscopy

and high-contrast imaging (248, 220). New studies are underway for a future generation

of facilities such as LUVOIR (28) and HabEx (181) that would enable characterisation of

potential biospheres of Earth-like planets around sun-like stars (280).

SUMMARY POINTS

1. The detection of an atmospheric biosignature in a rocky exoplanet represents the

holy grail of the field.

2. Defining a unique biosignature remains a theoretical challenge, but several candidate

molecules have been suggested.

3. Detection of a potential biosignature may be within the reach of upcoming obser-

vational facilities.
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7. Future Landscape

It is clear that the future of exoplanetary science lies in detailed characterisation of exo-

planetary atmospheres. Numerous surveys both from space and on the ground are geared

towards discovering planets orbiting nearby bright stars which enable detailed atmospheric

spectroscopy of the planets. Current and upcoming transit surveys include K2, TESS,

and CHEOPS from space and ground-based surveys such as SuperWASP, NGTS, KELT,

SPECULOOS, and MEARTH, followed by the PLATO mission on a longer term. In paral-

lel, direct-imaging surveys with instruments such as GPI, SPHERE, and SCExAO aim to

discover long-period exoplanets around young nearby stars. These surveys promise a large

sample of targets for detailed comparative characterisation of exoplanetary atmospheres

over the next decade. On the other hand, the prospects of various new observational facili-

ties for atmospheric spectroscopy of exoplanets are equally exciting. In the imminent future,

JWST will play a pivotal role in revolutionising the field. In the late 2020s space-based

facilities such as ARIEL will enable atmospheric characterisation of large populations of ex-

oplanets, and large ground-based telescopes such as E-ELT, GMT, and TMT, may enable

detections of biosignatures in atmospheres of habitable-zone exoplanets. Here we discuss

the future landscape of the field, focusing specifically on observational facilities at present

and in the imminent future.

7.1. Exoplanetary Atmospheres with Current Facilities

As discussed in this work, current facilities are already capable of providing detailed insights

into exoplanetary atmospheres. What can we expect from these facilities in the future?

HST, which has been the workhorse of the field in recent years, will continue to be a powerful

facility. Prior to JWST, which is currently expected to launch in 2021, HST is the only

space-based facility for transit spectroscopy over a broad spectral range, from UV to near-

IR. As discussed above, spectra over the broad spectral range from visible to NIR have been

obtained with HST for over ten giant exoplanets, albeit with variable data quality. Similarly,

spectra are becoming available for tens more transiting exoplanets obtained with one or more

HST instruments albeit with generally limited data quality. These kinds of survey programs

are beneficial to provide a general census of exoplanetary spectra over a large sample (244,

266, 86), but are of limited utility for obtaining stringent constraints on relevant atmospheric

properties of any individual planet. As discussed in (162), H2O abundances have been

measured to better than 0.5 dex precisions in only a handful of exoplanets. Retrievals of

high-precision chemical abundances and other atmospheric properties from transit spectra

require uncertainties on data that are nearly 20 ppm (63, 166, 132, 157). While such

precisions can be obtained in single transit/eclipse observations for planets orbiting bright

host stars such as HD 209458b (63), fainter host stars require coadding spectra from multiple

events, as demonstrated for WASP-43b (256, 132). This is the approach required with HST,

i.e., dedicated efforts for high-precision (20 ppm) transit spectroscopy over the entire HST

spectral range of a sizeable sample of exoplanets. Such a program has the potential to

obtained high precision chemical abundances of H2O, and other possible species (e.g. CH4,

HCN, NH3, TiO/VO, Na, K), P-T profiles, constraints on clouds/hazes for a large sample

of exoplanets to enable comparative atmospheric characterisation.

At the same time, as discussed earlier, ground-based facilities have started to provide

high-precision spectra for both close-in planets as well as directly imaged planets on large

orbital separations, as shown in Fig. 4. In particular, ground-based transit spectroscopy
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at both low-resolution and high-resolution will continue to provide robust detections of

several chemical species such as Na, K, TiO, and He (e.g., 232, 193). Such detections can

be made using instruments on existing large ground-based telescopes (e.g. VLT and GTC)

as well as high-resolution spectrographs on medium-size telescopes such as the HARPS

spectrograph (106). In addition, high resolution Doppler spectroscopy in thermal emission

with large ground-based telescopes promise high confidence detections of chemical species.

As discussed earlier, this technique has been instrumental in strong detections of key species

such as H2O, CO, TiO, and HCN in several hot Jupiters using the CRIRES instrument on

the VLT. The upcoming CRIRES+ spectrograph on VLT along with other high-resolution

spectrographs on medium-size (4m class) telescopes promise new opportunities for the future

(41). Ultimately, the combination of high-resolution Doppler spectroscopy along with low-

resolution transit spectroscopy will provide the best constraints possible. Similarly, the

combination of the cross-correlation technique with high-contrast imaging provides new

promise for medium-high resolution spectroscopy at extreme flux contrasts(248, 106). These

advancements will naturally be further enhanced with the next generation of large ground-

based facilities such as the E-ELT, GMT, and TMT.

7.2. Exoplanetary Atmospheres with JWST

The James Webb Space Telescope (JWST) has the potential to revolutionise the study of

exoplanetary atmospheres. The key advantages of JWST for exoplanet spectroscopy are

apparent - its large aperture, and hence high sensitivity, and wide spectral range, particu-

larly in the infrared. Several studies have investigated the science that can be pursued with

JWST (94, 62, 18). Here, we discuss some key highlights and some strategic factors that

need to be considered to maximise the potential of JWST for atmospheric characterisation

of exoplanets.

JWST will clearly revolutionise our understanding of giant planets which will be the

most conducive planets for atmospheric characterisation as already demonstrated with cur-

rent facilities. This is most apparent when considering that the range of species that JWST

will be able to observe in hot Jupiters may supersede what we know for Jupiter in our own

solar system, which is currently the most studied giant planet. The wide spectral range of

JWST spans the absorption features of a range of chemical species, as shown in Fig. 10.

All the prominent molecular species containing the key volatile elements (e.g. O, C, and

N) such as H2O, CO, CH4, CO2, HCN, C2H2, and NH3, have strong spectral features in

the JWST spectral range. The mixing ratios of these species can provide unprecedented

constraints on the corresponding elemental abundance ratios, e.g., C/H, O/H, N/H, C/O,

N/O, etc. These molecular and elemental ratios have the potential to provide a wide range

of constraints on numerous atmospheric processes and planetary formation mechanisms, as

discussed in this work. Moreover, the spectral range of JWST, as seen in Fig. 10, also

contains strong signatures of various molecules containing refractory elements (e.g. TiO,

VO, AlO, TiH, etc) which provide important constraints on both the metal content in the

atmospheres as well as the possibility of aerosols comprised of these species, depending on

the temperatures. Most of these species are not measurable for giant planets in the solar

system due to their low temperatures. On the other hand, JWST will be able to measure

these for planets over a wide mass range, possibly from super-Earths to super-Jupiters.

While JWST will readily detect various chemical species in exoplanetary atmospheres,

precise quantitative constraints on the atmospheric properties will require judicious plan-
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Figure 10: Cross-sections of various molecules across optical and infrared wavelengths.

Spectral ranges covered by certain modes of JWST’s four instruments (NIRSpec, NIRISS,

NIRCam, and MIRI) are shown for comparison. For NIRSpec, the wavelength coverage

of individual filters is also shown. JWST’s extensive spectral coverage will enable detailed

chemical characterisations of exoplanetary atmospheres.

ning. The atmospheric properties including the chemical abundances, temperature profiles,

and other properties, are determined from spectra using atmospheric retrieval methods. It

is conceivable that chemical abundances and ratios (e.g. H2O, C/O ratio, etc) can be de-

termined to precisions within 0.5 dex (94, 17), more so considering that retrievals on HST

spectra are already providing best precisions on H2O abundances of ∼0.5 dex (166, 157, 277).

However, the precision of the determined chemical abundances, depends both on the spec-

tral range as well as the precision, while ensuring that the desired chemical species has

strong signature in the observed range. Firstly, as shown in Fig. 11, the spectral ranges

of the near-infrared instruments (NIRISS and NIRSPEC) are composed of multiple modes

each of which covers a narrow range, typically 1-2 µm wide, and can be observed only one at

a time. Consequently, obtaining the full spectral range of JWST would require a significant

investment of JWST time on any one target. Therefore, judicious choices need to be made

in choosing the observing modes which depend on a range of system properties including

the stellar brightness, planetary bulk properties (e.g. size, gravity, temperature), expected

atmospheric composition and spectral amplitude. Various studies have investigated the in-

formation content in JWST spectra as a function of these properties (e.g., 94, 17, 183, 218)

using simulated JWST data. For example, (17) show that for a given amount of observing

time with JWST NIRISS and NIRSpec the information content in an observed spectrum of

a certain molecule in multiple modes is higher than that observed in a single mode at high

precision. On the other hand, for certain host stars a broader coverage over 1-5 µm range

can be achieved with the NIRSpec in GRISM mode. In principle, the MIRI instrument

has significant larger spectral range in each of two models in the 5-28 µm but have lower
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resolution and fewer relevant spectral features compared to the near-infrared.
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Figure 11: Simulated JWST/NIRSpec data based on the model spectrum of a planet resem-

bling HD 209458b . Simulated data is shown by dark red points, while the model spectrum

is shown in pink. Data is simulated for the G140H, G235H and G395H high-resolution

grisms available with NIRSpec. The native-resolution simulated data points have been

binned to a lower resolution for clarity. In the inset, real HST/WFC3 data for HD 209458b

(blue points and error bars) is shown for reference. The chemical features probed in this

spectral range are labelled with brackets; atmospheric observations with JWST will allow

higher resolutions and smaller uncertainties than present capabilities, resulting in more

robust and varied chemical detections.

Another challenge for transit spectroscopy with JWST lies in the possibility of cloudy

atmospheres. As discussed in this work, transmission spectra have suggested the presence

of clouds/hazes in transiting exoplanets over a range of temperatures and masses, revealed

through low-amplitude H2O features as well as non-Rayleigh spectral slopes in the optical

(244, 86, 266). Current retrieval codes are able to retrieve the chemical abundances from

such spectra in addition to constraining the cloud/haze properties (16, 157). However, such

joint constraints require transmission spectra in visible wavelengths to resolve the degen-

eracies between the chemical abundances and clouds/hazes. While this has been possible

with HST, using the STIS spectrograph, the same will be lacking for JWST which does

not have significant spectral coverage in the optical. Therefore, complementary transmis-

sion spectra in the visible observed with HST and/or large ground-based telescopes will be
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required to accurately retrieve chemical compositions of cloudy atmospheres using JWST

transmission spectra. The recent successes of HST and high-precision ground-based trans-

mission spectroscopy of giant exoplanets (232, 193, 53) provide promising prospects in this

direction. On the other hand, for many of the irradiated giant exoplanets dayside thermal

emission spectra may provide a more viable means to constrain their atmospheric compo-

sitions, rather than transmission spectra. The dayside spectra are less influenced by clouds

owing to the higher irradiation/temperatures as well as the fact that an opaque cloud deck

essentially acts as a photosphere and the compositions constrained are those above the

cloud deck by default. Moreover, infrared spectra of several hot Jupiters with HST and

Spitzer, as well as with high-resolution ground-based spectra have already revealed clear

signatures of molecular features and temperature gradients suggesting the lack of strong

interference due to clouds/hazes on the dayside spectra. Besides chemical compositions,

JWST will provide unprecedented constraints on a host of other atmospheric properties

of exoplanets. In addition, JWST will provide the first opportunity to characterise the

atmospheres of super-Earths and terrestrial-size exoplanets in detail, especially for planets

orbiting low-mass stars (252).
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Santos, S. Udry, and D. Ségransan. Near-infrared transmission spectrum of the warm-Uranus

GJ 3470b with the Wide Field Camera-3 on the Hubble Space Telescope. A&A, 570:A89,

October 2014.

70. D. Ehrenreich, V. Bourrier, X. Bonfils, A. Lecavelier des Etangs, G. Hébrard, D. K. Sing,
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Kane, E. Pallé, H. Rauer, N. Siegler, K. Stapelfeldt, and K. B. Stevenson. Exoplanet Biosig-

natures: Observational Prospects. Astrobiology, 18:739–778, June 2018.

88. B. J. Fulton, E. A. Petigura, A. W. Howard, H. Isaacson, G. W. Marcy, P. A. Cargile, L. Hebb,

L. M. Weiss, J. A. Johnson, T. D. Morton, E. Sinukoff, I. J. M. Crossfield, and L. A. Hirsch.

The California-Kepler Survey. III. A Gap in the Radius Distribution of Small Planets. AJ,

154:109, September 2017.

89. S. Gandhi and N. Madhusudhan. GENESIS: new self-consistent models of exoplanetary spec-

tra. MNRAS, 472:2334–2355, December 2017.

90. B. S. Gaudi, S. Seager, B. Mennesson, A. Kiessling, K. Warfield, G. Kuan, K. Cahoy, J. T.

Clarke, S. Domagal-Goldman, L. Feinberg, O. Guyon, J. Kasdin, D. Mawet, T. Robinson,

L. Rogers, P. Scowen, R. Somerville, K. Stapelfeldt, C. Stark, D. Stern, M. Turnbull, S. Mar-

tin, O. Alvarez-Salazar, R. Amini, W. Arnold, B. Balasubramanian, M. Baysinger, L. Blais,

T. Brooks, R. Calvet, V. Cormarkovic, C. Cox, R. Danner, J. Davis, L. Dorsett, M. Effinger,

R. Eng, J. Garcia, J. Gaskin, J. Harris, S. Howe, B. Knight, J. Krist, D. Levine, M. Li, D. Lis-

man, M. Mandic, L. Marchen, C. Marrese-Reading, J. McGowen, A. Miyaguchi, R. Morgan,

B. Nemati, S. Nikzad, J. Nissen, M. Novicki, T. Perrine, D. Redding, M. Richards, M. Rud,

D. Scharf, G. Serabyn, S. Shaklan, S. Smith, M. Stahl, P. Stahl, H. Tang, D. Van Buren,

J. Villalvazo, S. Warwick, D. Webb, R. Wofford, J. Woo, M. Wood, J. Ziemer, E. Douglas,

V. Faramaz, S. Hildebrandt, T. Meshkat, P. Plavchan, G. Ruane, and N. Turner. The Habit-

able Exoplanet Observatory (HabEx) Mission Concept Study Interim Report. arXiv e-prints,

September 2018.

91. A. Garcia Munoz and K. G. Isaak. Probing exoplanet clouds with optical phase curves.

Proceedings of the National Academy of Science, 112:13461–13466, November 2015.

92. M. Gillon, E. Jehin, S. M. Lederer, L. Delrez, J. de Wit, A. Burdanov, V. Van Grootel, A. J.

Burgasser, A. H. M. J. Triaud, C. Opitom, B.-O. Demory, D. K. Sahu, D. Bardalez Gagliuffi,

P. Magain, and D. Queloz. Temperate Earth-sized planets transiting a nearby ultracool dwarf

star. Nature, 533:221–224, May 2016.

93. A. Z. Greenbaum, L. Pueyo, J.-B. Ruffio, J. J. Wang, R. J. De Rosa, J. Aguilar, J. Rameau,

www.annualreviews.org • Exoplanetary Atmospheres 47

56



T. Barman, C. Marois, M. S. Marley, Q. Konopacky, A. Rajan, B. Macintosh, M. Ans-

dell, P. Arriaga, V. P. Bailey, J. Bulger, A. S. Burrows, J. Chilcote, T. Cotten, R. Doyon,
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Snowlines and the C/N/O Ratios in Active Disks. ApJ, 833:203, December 2016.

209. F. Pont, D. K. Sing, N. P. Gibson, S. Aigrain, G. Henry, and N. Husnoo. The prevalence of dust

on the exoplanet HD 189733b from Hubble and Spitzer observations. MNRAS, 432:2917–2944,

July 2013.

210. R. E. Pudritz, A. J. Cridland, and M. Alessi. Connecting Planetary Composition with For-

mation. ArXiv e-prints, April 2018.

211. B. V. Rackham, D. Apai, and M. S. Giampapa. The Transit Light Source Effect: False Spectral

Features and Incorrect Densities for M-dwarf Transiting Planets. ApJ, 853:122, February 2018.

212. E. Rauscher. Models of Warm Jupiter Atmospheres: Observable Signatures of Obliquity. ApJ,

846:69, September 2017.

213. E. Rauscher and K. Menou. Three-dimensional Modeling of Hot Jupiter Atmospheric Flows.

ApJ, 714:1334–1342, May 2010.

214. S. Redfield, M. Endl, W. D. Cochran, and L. Koesterke. Sodium Absorption from the Exo-

planetary Atmosphere of HD 189733b Detected in the Optical Transmission Spectrum. ApJ,

673:L87–L90, January 2008.

215. C. Richard, I.E. Gordon, L.S. Rothman, M. Abel, L. Frommhold, M. Gustafsson, J.-M. Hart-

mann, C. Hermans, W.J. Lafferty, G.S. Orton, K.M. Smith, and H. Tran. New section of the

hitran database: Collision-induced absorption (cia). Journal of Quantitative Spectroscopy and

Radiative Transfer, 113(11):1276 – 1285, 2012. Three Leaders in Spectroscopy.

216. P. B. Rimmer, J. Xu, S. J. Thompson, E. Gillen, J. D. Sutherland, and D. Queloz. Prebiotic

Chemistry on Exoplanets Within the Liquid Water Habitable Zone. In Habitable Worlds 2017:

A System Science Workshop, volume 2042 of LPI Contributions, page 4094, November 2017.

217. P. B. Rimmer, J. Xu, S. J. Thompson, E. Gillen, J. D. Sutherland, and D. Queloz. The origin

of RNA precursors on exoplanets. Science Advances, 4:eaar3302, August 2018.

218. M. Rocchetto, I. P. Waldmann, O. Venot, P.-O. Lagage, and G. Tinetti. Exploring Biases

of Atmospheric Retrievals in Simulated JWST Transmission Spectra of Hot Jupiters. ApJ,

833:120, December 2016.

219. F. Rodler, M. Kürster, and J. R. Barnes. Detection of CO absorption in the atmosphere of

the hot Jupiter HD 189733b. MNRAS, 432:1980–1988, July 2013.
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