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Background and Aims:  H2O is a key molecule in 

characterizing atmospheres of temperate terrestrial 
planets, both as a tracer of habitable conditions and as 
a clue to the birthplaces and evolutional pathways of 
the planets. Its spectral signatures may be targeted in 
the near future transmission spectroscopy using JWST 
or next-generation ground-based telescopes. Several 
studies modeling transmission spectra of the Earth (e.g., 
[1]) found modest signatures of water vapor. Such 
modest features of water vapor are related to the effi-
cient “cold trap”; water vapor evaporated from the 
surface is transported upward, but condenses as air 
rises and cools, and most of it precipitates, leaving the 
stratosphere—where transmission spectroscopy typi-
cally probes—fairly dry. However, the effciency of the 
cold trap depends on various conditions.  

The abundance of water vapor in the upper atmos-
phere is also closely related to the rate of planetary 
water loss, which impacts planetary habitability. This 
motivated the earlier works to study the reponse of 
upper humidity to the varying irradiation and atmos-
pheric properties (e.g., [2][3]). Most of these investiga-
tions were, however, limited to 1D models.  

Here we study the effect of irradiation on realistic 
3D water vapor structures, using a general circulation 
model (GCM). We are particularly interested in syn-
chronously rotating planets due to their relevance to 
transmission spectroscopy, as its primary targets are 
planets around low-mass stars, which are likely to be 
synchronously rotating. Indeed, the permanent dayside 
and nightside of synchronously rotating planets ques-
tion the validity of  1D models, calling for 3D studies.  

Method:  We use the ROCKE-3D GCM [4] to ob-
tain 3D atmospheric structures of temperate terrestrial 
planets with surface water. ROCKE-3D GCM is a gen-
eralization of the ModelE2 GCM [5], which has been 
developed for the Earth at NASA’s Goddard Institute 
for Space Studies. We consider synchronously rotating 
Earth-size planets wholly covered with ocean, and as-
sume a 1 bar atmosphere composed mainly of N2, 
analogous to the Earth. We change the total incident 
flux with 4 representative stellar spectra ranging from 
M-type to G-type, and see how the atmospheric struc-
tures respond to it. We also simulate transmission 
spectra based on our GCM outputs.  

Results:  We observe a more gentle increase of the 
water vapor mixing ratio in the upper atmosphere in 
response to increased incident flux than 1D models 
suggest. This is in qualitative agreement with the cli-
mate-stabilizing effect of dayside clouds previously 
observed in GCMs applied to synchronously rotating 
planets (e.g., [8]). However, the water vapor mixing 
ratio in the upper atmosphere starts to increase while 
the surface temperature is still moderate. This is ex-
plained by the large-scale circulation in the upper at-
mosphere, which is seen in the runs with high incident 
flux, causing efficient vertical transport of water vapor. 
This circulation is driven by the radiative heating due 
to absorption by water vapor and cloud particles in the 
upper atmosphere. Consistently, the water vapor mix-
ing ratio in the upper atmosphere is found to be well 
correlated with the near-infrared portion of the incident 
flux, regardless of the stellar spectral type [6] (Fig. 1).  

We also show that for the highly irradiated planets 
the H2O signatures may be strengthened by a factor of 
a few or larger, compared with the standard model 
assuming an Earth-like atmospheric profile [6]. The 
larger features would considerably loosen the observa-
tional demands for a H2O detection.  
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