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Global Distribution 6 Water Vapor and Cloud
Cove Sites for High Performance THz
Applications

J. Y. SuenStudent MembetEEE M. T. Fang andP. M. Lubin

Abstrac® Absorption of terahertz radiation by atmospheric
water vapor is a serious impediment for radio astronomy and for
long-distance communications.Transmission in the THz regime
is dependent almost exclusively on atmospheric precipitable
water vapor (PWV). Though much of the Earth hasPWV that is
too high for good transmission above200 GHz, there are a
number of dry siteswith very low attenuation. We performed a
global analysis of PWVwith high-resolution measurements from
the Moderate Resolution Imaging Speecbmeter (MODIS) on two
NASA Earth Observing System (EOS) satellitesver the year of
2011 We determined PWV and cloud cover distributions and
then developed a model to find transmissiorand atmospheric
radiance as well asnecessaryintegration times in the various
windows. We produced global maps over the common THz
windows for astronomical and satellite communications
scenarios Notably, we showthat up through 1 THz, systems
could be built in excellent sites ofChile, Greenland and the
Tibetan Plateay, while Antarctic performance is good to 1.6 THz
For a ground-to-space communication linkup through 847 GHz,
we found several sites in the Continental United States where
mean atmospheric attenuation isless than 40 dB not an
insurmountable challenge for a link.

Index Terms® Atmospheric modeling, Radio astronomy,
Satellite communication, Satellite ground station, Submillimeter
wave communication, Submillimeter wave propagation

I. INTRODUCTION
ROM the early days of terahertz scierazed technology, it

astronomy and communications. ladio astronomyone is
often looking for specific spectral features in distant sources
such as high redshift galaxjesr the remnant radiation from
the early universe and many times this means ibatss of
information if one were to switch to a lewfrequencyOne
solution is to go to a space telescope, such asrebent
Herscheland PlanckobservatoriesHowever spacesystems
are verycostly with long development times and an inhdyen
limited lifetime, with compromises made ilimited aperture
sizesand instrument suite Ground based telescopes such as
the Atacamad.arge Millimeter/Submillmeter Array (ALMA),
currently under constructipnand the proposed Cerro
Chajnantor Atacama Telespe (CCAT) are situated iwery
high and dy plateaus. For example, ALMA consists of an
array of fifty-four 12-meter and twelve 7meter reflector
antennas, and CCAT is proposed to bariers in diameter.
Both of these are located in the Atacama Desert in Chile at 5
Km and 5.6 Kmaltitude respedvely. Other similar projects
include the South Pole Telescope, and the authors currently
operate microwave through THz instruments at the Barcroft
Observatory on White Mountain, California, USA at 4 Km
altitude. Observing sites are chosen for a varidtyeasons
that often require compromises. Good atmospheric conditions
are always desired but so are good access lzagig
economicgl infrastructure These inevitably lead to real
tradeoffs in performance.

These sites were individually located and offainfully
characterized, focusing on astronomical observatories and

has been known that strong atmospheric absorptionften over short periods of timé-p]. Satellite data has been
almost all from water vapor, is perhaps the mosised in these studies, over small regions and with limited

significant challenge in exploitin this spectrumFor many

resolutionand timespan$§7-9]. In this paper we look at the

applications, this challenge is insurmountable; there are miole Earthover the period of one year with kilometewel
practical ways bchanging atmospheric water vapor, nor camesolution In this way we can explore vast areas rapidly and at

the fundamental physics of molecular interactiombeaided
In this paper we concentrate on studying therldwide

low cost without mounting expeditions. We also stsitgs
thatare known to be excellent as well as largely unknown sites

distribution of water vapor and its effects on both THz radion an mbiased an@ompletely global basis. High resoluti@n

necessary in order to identify geographically small areas, such
as mountairpeaks which may be locally dry and yeesund
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performance.
To accomplish this, we analyzed the complesger vapor

J. Y. Suen is with the Department of Electrical and Computer Engineerindata from two NASA Earth Observing SystéAOS) satellites

University of California, Santa Barbara, CA 93106 USA-ntail:
jsuen@ece.ucsh.edu).

M. T. Fangand P.M. Lubin arevith the Department of Physics, University
of California, Santa Bdrara, CA 93106 USA.

over the2011 calendar yeaiCombining thisdata with our
MODTRAN 5 mode$s, we found global atmospheric
attenuation in the atmospheric THzndows from 275 to
1,500 GHz the band at which site selection hi® most
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significant impactWith this data and methodologyhand as TABLEI

We” as the machinery to analyze thiata wecan undertake MODO07 PWV COMPARED WITH INDIVIDUAL SITE CHARACTEREZATIONS
. . .. MODO07 Median MODOQ7 Site Measured

similar analysis from radio into the UM future papersbut PWV (mm) Cloudy All -weather

for the purpose of this paper we focus on the THz windows. ~ Location .. " Eqiimated  Sample  Median PWV

We present our data in two ways. If we wish to conside Sky All-Weather  Fraction (mm)
THz satellite communations link, one that exploits the very Dome A, 0.07 0.08 0.138  0.14,0.22
high potentialdata rate available in the THz regime due to t| Antarctica (15, 7]
wide bandwidths available, we present the m@mndistinct Dome C, 0.10 0.11 0.112  0.24,0.28,
from a mediangtmospheric attenuation for a 45 degree sle Antarctica ?1-2521‘36 4
path. This represents gpical link from a midlatitude  gqyth pole 0.14 0.20 0.267  0.32,0.42[15, 17]

location to a geostationary satellite and can be used to find

: ; . ALMA Site, 1.37 1.86 0252 1.13[2
longterm average data link rate using a link budg cpajnantor 12
calculation. For the second case of a site for astrophys . 422 760 0310  1.75[1]

observations in the THz regime we also show theliame opservatory

excess integration time factor, that is, the additior carma 5.56 716 0198  5[6]
integration time necessary to reach a given SNR, caused s Site
by atmospheric water vap@nd clouds.This would be of Maunaked 1455 21.84 0.284 1.5, 1.5[15, 18]

interest in siting a sulmm or THz telescope as it relates to th _ _ _ _
overall otservational productivity of such an instrument, ar MOPO7 datais over the entire year of 2011, Site medians are annual .

. . . noted. Allweather estimates assumieudy samples have infinite PWV. Refe
provides not only a natural comparison between sites, but o Tapie IV for site altitudes and coordinates.
also be compared with a spaceborne instrumana recent 1. Austral Winter only
article[10] we compard the various issues, particularly noisi 2.  Observations over ~2 months during the Austral Summer
sources and telesge tradeoffin the far IR (0.1 to 10 THz), Skt;sgrrfg;?:rscgiﬁﬁogg'gn‘l’c;"e telescope operating (implies-cl
which is also useful in this contextor astronomical Observations over 5.5 years (May 2aDéc.2012)
applications Our analysis allows us t&tudy the distributios Observations oveapprox.13 of 16 months (Oct. 206Reb. 2004)
(e.g. various PWYV percentiles)and temporal distribution of Daytime only o o
eachpoint on the surfacef the Earth We can observethe Site is surrounded by steep terrain with large PWV variations
PWV fiweat heovedthepcautse &f thgearas well  product, known as MODO7_Lar MODO?, which includes
We further modeled atmospheric radiance due to water vapgtal columnPWYV, deermined primarily from three bands
which we present as an antenna temperatMespresentolor  centered at 6.7, 7.3, and 8.6 pi?][ A 5 by 5 square of
maps depicting combinatierof scenariosslant péh, and the infraredradiancesare combined to a singlekm PWV pixel,
8 atmospheric windows inthis article High-resolution with coverage over the entire surface of the EaRbth
versions ar@vailablein the online appendixn this paper, we satellites are in a sesynchronous orbit, priding coverage
first discuss the data, our models, and then draw conclusigiith in the morning and afternoon local time, and make
on possible sites for THz astronomy and satellitgighttime passes 12 hours lat€ompared to other microwave

No ok

communication links. or infrared humidity sensing systems, MODIS had the highest
spatial resolution and also provided four passes per day,
[l.  DATA PROCESSING ANDMODELING reducing bias from the typically afternoon passes of

Atmospheric water vapor is expressed as precipitable wafggteorological satellites.

vapor (PWV), sometimes also referred to as total precipitableThe PWV cannot be retrieved through clouds, and is
water (TPW). PWV represents the total water content inRovided only when 9 of the 28IODIS samplesare cloud
column of the atmospheréiom ground level to the top of free and a flag indicates when this condition was not Titet.
atmosphere, if it was completely converted into liquid wateMODO7 algorithm relies on the MOD35 cloud mask
Water in the form of ice isotincluded in this metric. This is algorithm, which use&0 infrared and visibléMODIS bands
quite reasonable as the absorption bands for ice are valgng with terrain and sun data to provide an indication of
different and generally far lesabsorpive than the liquid cloud cover.Clouds are sensed by primarily their high
phase.The units of PWV are length, i.é.& 78 & a ¢ reflectance and low temperatUte]. We usedhe cloud data

which is the height of the equivalent liquid level if the watef0 generate cloud cover statisti€etection of clouds by the

Vapor were Condensed on the ground_ MOD35 a|g0rlthm |Sdependent0n Opt|Ca| th|CkneSSTh|n
We utilizedthe complete 2011 calendar year datdsen clouds, specifically thin cirrus will not be flaggedue to the

the Moderate Resolion Imaging Spectrometer (MODIS) additional water vapor and scattering agsted with clouds .

[11].. MODIS senses 36 channels from visible through tond14l, we assumed that THz transmission would not be possible

wave IR with at worst .km resolution andindependent units through a pixel declared cloudyhusour analysis is centered

are flown ontwo NASA EOS satellitesAqua and TerraThe —around the cleasky PWV, though we also indicate the

high resolution of the instrument coupled wiflobal land and humber ofcloudydays.

sea coverage makes MODIS data unique. Sensed radiances

were processed by the MODIS Atmosphere team with a

synthetic regression algorithm into temospheric Profile

! Collection 5.1 data was used. (Refers to a specific versiai@DIS
retrievalalgorithms)
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A. Data Validation 100 E [] MODO7 All-Weather Estimate
The authors of the MODOQ7 algorithm compared retrieve C [ MODO7 Clear-Sky
PWV data to ground meamments grund measurements at a ~ @ Site Measured All-Weather
mid-latitude site. Over approximately 6 years of data, it w¢ & 10 = @ Site Measured Clear-Sky -~
found that MODO7 had an averaget bias 0of0.7 mm for the £ C
morning pass and 0.3 mm for the afternoon pass, wh § i o o
consideing only dry measuremenfs15 mm PWV) The bias a g @ ¥
was less than 0.1 mm wet when compared to GOES and § = o .
mm dry when compared to radiosonde measurenidr®s. 2 B :
Comparing MODO07 PWV data to several sitespecific 0.1 E
measurements (Table Fig. 1) indicated areasonablenatch. =
It is clear thatrelative PWV trends match well both in =
Antarctica and through the mldtitude sites. We note that 0.01
many site-specific measurements, based on milimetave F L F & F g L
radiometers or radiosonde measurements do not distingt s & esg T ¥y &
- ¢ Q@ F 5 9 S $
between cleasky and inclement weathdfor exampleall of & Lol dz@' &

the sites listed aresubject not only to cloud cover, bUtFig. 1. Comparison of median R¥Mrom MODO7 and site measureme
snowstorms These conditions may not result in a dramatiexcept for sites surrounded with steep terrain with large increases ir
PWV increase, but can preclude observations, especially (Barcroft and Mauna Kea), MODO7 data exhibits identical trends t
large arrays, which rely on atmospheric phase stability. measurements. MODO7 data in the Antarctic is dry whereas over th
. . latitudes, MODOQ7 data is slightly wet.
All-weather PWV values were estimated by assumir. )
cloudy PWV samples had infinite PWV. This should result ilfOI_Z)versus the singl2011)year of MODO7 data analyzed.
an overestimation of alveather PW\&ince clouds have finite Additionally, thedata in[2] was only taken during operation
PWV. While absolute errors lead to larger deviations at loff theAPEX telescope and therefore shobiel comparable or
PWV, mainly concerning thextreme levels in Antarctica, the €ven drier than MODO7 cleaky data Figure 3depicts the
difference is acceptable in toéherdry areas of interest. same MO7 data in histogram and time series form, also
For examplemeasurementsf the ALMA and Combined Showing cloudy samples.
Array for Research in Millimetewave Astronomy (CARMA) For the case of Antarctica, we do note that measurement of
site, which lie in the range from-8 mm are closeto the SL_Jch Iovv_ PWVs is a significant challenge and can result in
measured ground daté is important to keep in mind that Wide variations of even grourthsed measurements, e.g. a
measured ground data often refers to very different tinfgPorted median PW\at Dome Cthree times greater in
periods that are subject to long term atmospheric trends (€ference 4] versus [15] due to differenbbservatiorperiods
Nino etc) and thatneither sitespecific nor MODO7data and methods Nonetheless, MODO7 PWV measurements
presented was ctemporaneous Figure 2 compares match the same qualitative trend as -sjtecific
cumulative distributions of PWV between the KQ7 data MeasurementsA further complicationis that many site
and the site measurements of [Rjstributions are close, with SPecific measurements are conducted over limited pedbds
the MODO7 data beinglightly wetter. We note that the site ime and extrapolated to yeesund performanceSatellite
measurements were taken over 5.5 yeday 2006-Dec data results from direct sensing over the whole waar thus

0.16
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Fig. 2. Cumulative distribution comparing ALMA site measurements
Ref. [2] to MODO7 data (n=688). ALMA data is over 5.5 years v
MODOQ7 data was over the 2011 calendar year. ALMA data was
collected while the APEX telescope was operating, implyatigninimum
clearsky conditions. Note the excellent agreement between the satelli
and the ground characterization data.

30 90 150 210 270 330
Day of Year (2011)
Fig. 3. MODO7 data of the ALMA site. The clesky PWV data is shown
a histogram (top). The time series (bottom) shows seasonal variatiol
clear and 232 cloudy points asown.
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Fig. 4. Transmission versus frequency as modeled by MODTRAN 5 for a vertical path from space to sea level. Varioupleviglitatie water vapor ¢
depicted, from no wateto a completely saturated International Standard Atmosphere. Frequencies used in modeling are also marked. Absorpt
oxygen and other atmospheric gasses are seen in the 0 PWV case.

less biased. was concluded, theeduction stageeceived the data from
As inherent in any optical instrument, the MODISeach mapping processdthencombined the data by simply
spectrometer has a beadimt is not ideabr infinitesimally summingthe values over each final grid locatiokhe mean
small and relies on propagated radiation through thelearsky PWV and thecloudy samplefraction was then
atmosphereWe see thasharpmountainpeaks show influence calculatedat eachgrid location For percentilecomputation,
from lower, wetter surrounding areas as evident by thbe parallel mapping processes perforrfiedparsinganddata
Barcroft Observatory andn particular the Mauna Kea validation but passed the tingeries data to the reduction
measuremenisboth sites which are surroumbldby steep stage which computed theercentilesat each grid location
terrain with large PWV gradientsAs satellite water vapor independently With the much smaller 2éegapixel output
retrieval techniques advance, we expect that analysis on suchps, further processingas then performedn a desktop
data will locate additionabmaller sites. computer, nandg applying the integration time model and
generating output graphics.
) ) _We utilized the Knot cluster at the UC Santa Barbara Center
The MODO7 data, as delivered, was not gridded; the pixg)y Scientific Computing. A full run of the data consumed in
centers are not the same across different satellite passes.t¥Y& 144 CPU coréiours, running on 2.0 GHz Intel Xeon
gridded the data into pixels 0.05 degrees latitude and longitudessg processors, an@72 GB of RAM. The 716 GB of file
(5.56 km pixels at the equator). Our data analysis found tRgta was stored on a HP IBRIXO320 system, connected via
mean cleasky PWV, a number of percentiles for each pixejnfiniband. With 12 worker mcesses, a retime speedup of
as well as the cloudy sample fraction, as defined by th@ 9 was observed, suggesting that processing was just
number of points marked as cloudy divided by the total coupkginning to be limited by file access rates (most parallel

of pOintS, over the entire surface of the Earth. The time Serimésystems incur Significant pélie access overhead)_
data for each pixel codlalso be retrieved. Each gridded pixel

contained a median value of 912 samples and the d&a Phenomenology and Modeling
appeared smooth. In order toquantify theeffects of water vapor on THz

The MODO7 data came formatted 2.7megapixel images systems, we first created an accurate and computationally
each corresponding to 5 minutes of data acquisition. Overefficient model of PWV onatmospherictransmission and
full year and two satelliteshére are a total of 288 billion dataradiance Due to its highly polar nature, water is the primary
points over 210,000 filegnitial efforts attempted to sort the absorber in THz atmospheric propagation. Thedargmber
data points by location and time using geospatial indices ino&inter and intramolecular vibrational modes results in large
relational database, but thanability to parallelize the absorption bands. In contrast, Rpolar and weakly polar
processingand the memory necessa made this approach molecules such as@nd CO; result in narrow absorption
infeasible. lines, which camsuallybe avoided.

Instead, a program was written MATLAB using te Water is heavily concentrated lower altitudes because of
MapReduce distributedparallel processing model which its high freezing pointrelative to other atmospheric gasses
separates processing intgarallelmapping and @entralized The partial pressure of water vapor, and hence its
reduction stageln the mapping stage of the procegsia concentration shows a high temperature dependence;
central process distributed data files to independent workapproximately exponential with temperature. Additionally,
processes. Each worker process loaded and pamsadbitrary water vapor enables a positive feedback loop, since it reflects
subset of thefiles and iterated through eadmage pixel mid-IR radiation. Thus, higlaltitude and naturally cold sites
applying data validation logic. In order to compute the meaexhibit very low amounts of wateapor.
these mapping processes keptkeyed at thegeographic In addition to absorption, atmospheric gasses emit radiation
coordinatesan individual running sum of PWV data, valid,due to heating from the Suend surface of the Earth. This
and cloudypixel countsas valuesWhenthe mapping stage radiation can be scattered, multiple times, by aerosols in the

B. Data Processing
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atmosphere. As a result of the necessarily warm temperatupéscewisecubic interpolation functionand used this sa a
of water vaporand the wideabsorption bands caused by thecomputationallyfaster model (The Sun isusuallythe driving
large numbenof inter- and intramolecular modes, wateapor factor for the day/night variations of PW\however,with

forms the primary component of atmospheric radéancnighttime often far superior to diéye andwith Sunrise and
typically 1-2 orders of magnitude greater than that o$unset oftetnaving the most temporal variatipn

remaining atmospheric gasses. We assumed a transmission pafftom the top of the

We considered 275, 404, 667, 847, 925, 1015, 1336, aatinosphere to sdavelto avoid the need faground elevation
1500 GHz frequencies, which were selected to b#ata.Temperatures and pressures were also assumed to be a
approximately in the middle of each atmospheric windownid-latitude winter atmosphere. Fi§ compareghe assumed
while being away fronabsorption line features (Fid). These modelfor the South Pole to the MODTRAN model withly
frequencies span the THz region ioferest: he impact of the sitespecific altitude, as well as a model with a radiogond
water vapor igelatively lower below 275 GHzAbove 1600 measuredtmospheric profile (scaled to match PWVs). As can
GHz, severe attenuation rules out use anywleitthe driest be seen, the assumed model matches the radiosonde profile
parts of Antarctica. Attenuation coefficients as a function ofwell to 1 THz, and shows small differences through 1.6 THz.
PWV were found using the MODTRAN.5 Mid-latitude In contrast, application of only the altitude to the winter
Winter model (PcModWin5 v1.3.3, Ontar Corp., North atmosphere prdé results in highr transmissiorthan either of
Andover, MA, USA)and we found attenuation was very wellthe two models.
modeled(Y T80 w wwith the BeerLambert law.We used We also considered modather than MODTRANhat are
this simple logarithmic model to avoidrunning a full in common use by the THz astronomy community. We
MODTRAN modelfor every single point. comparedboth the am mid-latitude generic atmosphefég]

We also modeled atmospheric radiance in the multipend ATM [19] modeb with MODTRAN. Figure6 compares
scattering mode of MODTRAN\early all of the atmospheric am and MODTRAN at sea level Where there is no
irradiance at THz frequencies is due to thermal emission bymospheric water vapaam showsapproximately 3 dB more
the atmosphere, where atmospheric gassdiate enagy after attenuation at 1.2 THthan MODTRAN due to the dry air
beingheated by absorption of radiation from the Sun and tlellision-induced absorption which is not modeled in
Earth. Where PWV, and hence THz absorption is high, tdODTRAN. However by500 pm PWYV, the two models
atmosphere will have an emissivity close to 1 and the anterpraducevery similar results except in the deep absorption
temperature saturates at the physical temperature of the Idimes and troughsATM showed a similar trend but with some
level ar, 294 K in the model usedRadiance also is caused byvariance in attenuation. Compared wét, ATM had roughly
both direct and scattered radiation emitted by the Svam. 2 dB less attenuation ovenost of theband for badt PWV
assumed the Sun was at 45 degmeedevation andaligned in  casesFor the PWV values and frequencies we are primarily
azimuth At the long wavelengths being studied, theinterested in, we believe there is no practical difference
directionality, dependenceon solar angle, or even thebetween these modelém and similar models are able to
difference between day and night is minimal since theper ate with a much finer res
majority of solar radiation is visible, with very low amountsGHz apodized resolutim which is important for modeling
longer than5 pm. We fit the radianceaccuratelyusing a very high resolutiospectrographic astronomical observations

1 MODTRAN is able to model up through the ultraviolet

En! ! X
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—— Assumed Model am 500 pym PWV

am 0 PWV MODTRAN 500 pm PWV
Fig. 5. Comparison of South Pole MODTRAN transmission specti
various assumptions made. All spectra are at 0.42 mm PWV. Our a: ) .
model uses selavel altitude and atmospheric profile, only using-siecific Fig 6. Comparison between taenand MODTRAN models. Due to the ¢
PWV. The effects of using the site sgeialtitude (2,835 m) and air colllslonlnduced absorption only modeled am, attenuatlon'd|f'ferst
radiosonde atmospheric profile is shown. Differences between the a: ~3 dB in the 0 PWV case. However, by 500 um PWV, difference

model and the radiosonde profile are minimal under 1 THz. minimal for the bands and spectrasolution under consideration.
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spectrumwhile am and ATM are used below 2 THz in Therefore, in most cases the importance of PWV bélfar
general greater than that of cloud cover.
: . To this point, we have not consider the effects of
D.  Integration Time Factors atmospheric radiance. A difficulty in analysis is that due to the
While determiningatmospheric loss and radiance is usefyhherent dependence of this noise power on observation
in itself, we sought a metriavhich could directlyrelatethe  pandwidth, aperture size and acceptance amdigh are all
effects of atmospheric loss and cloud cover on the ultimad@ecific to the system under consideration. Further, lavhi
usability of a site. This is besteasuredn terms ofintegration  atmospheric transmission will dominate the signal attenuation
times which expresses Hot the productivity of an of nearly any grounthased THz system, the relative effects of
astronomical observatory and the data rate for @diance will depend upon other system noise sources,
communicatiorink. particularly thermal antenna radiance and receiver nase.
For modeling a longerm observation, we utilized the resultwe pesent radiance as an antenna temperalurthe
integration time relationship, where the integration tinfier a  terahertz regime the Raleigleans limit applies and thus for

given SNRis neardiffraction limited systems the equivalent noise power for
an antenna temperature,
o 1 o )
7 1) 0 Q3 & Yh 3)

where0 is the signal poweunits of wattsand 0 the noise ¢, Boltzman® s ¢ o@Fbandwidthe’ & accepted
power in units ofw MOG(where Hz is bandwidth,e. 0 is  modes (1 or 2 polarizatiotfisr a diffractionlimited syster),
noiseequivalent powgr We takeequation las our baseline znqg antenna temperatuigs
case and apply two factors. The mean atmospheric cuyrrent uncooled, coherersolid-state THz receivers that
transmission”Y simply decreases the signal power whilgyre likely to be used in communication applications hevise
keeping noise power constafithis assumptiomeglects the temperatures in théundreds tothousands of kelvin, while
effect of atmospheric radiancehich will be discussed later. cryogenic bolometers and SIS receivers, a common choice for
Also, we do not include extraterrestrial baCkgrOSllTld this astronomy, can be in the range of tens of Ketwiness We
paper _ also must consider the specific source. For example, a solar
~ We further assume that no observations can be made Whgjservaton is inherently limited by the 5,800 K temperature
it is cloudy, and therefore integration time is increased byt the source and therefore tB&IP limit (shot noisg of the
P O , where o is the cloug sample fraction. As  source will dominate over the noise of the atmosphere and any
previously discussedhe cloudmaskalgorithmrelies on he reasonably designed receiver.
optical thickness of cloudand will not flag optically thin In short, unlike attenuation, the effects of asmioeric
clouds. We therefore assudthatflaggedclouds are optically radiance are completely dependent on the source and system
thick in the visible and infrarednd will also preclude THz design and can dominate, be negligible or some level in
transmission. . . . between. Againour recentpaper in L0 discusses this in

If we define the excess integration time factor, as the detail. We present the antenna temperature associated with

ratio of the integration time with transmission and clougadiance that my be used with equations 1 and 3 to calculate
effectst to the integration time withouthwe have the effects.

o - —F-. (2) [ll. RESULTS ANDANALYSIS

The large number of frequency bands, possible scenarios and
Under this definition, we assume thadise sources, such asdata presentation precludes a full reproduction of results here.
receiver noise and thal mirror emissions are identical. AsHigh-resolution versionsf the maps shown heege available
discussed later, this does not directly compare a ground the online supplemental appendix and the reader is
system with a spaceborne systdimacausein practice the encouraged to contact the authors for further study of a
design of both systems would not be identidalsteadit  specific scenario. In the analysis that follows, we focus on the
provides a good comparison baselidscussedater. See our best sites for all applications, the productivity of astronomical
recent paper in referencel(] for a much more complete telescopes at these sites, and an analysis of suitability for
discussion of the various issues relating to observing weagace communication applications. To this extent, we first
astronomical sources through the atmospharel with present raw PWV and cloud data and show the direct impact
extraterrestrial backgrounds included on median transmittance and the atmospheric radiance antenna

Sincethe effects of PWV are exmential the ~2 ordesof temperature for seral frequency windows. We theapply

magnitudedifference in PWV over the surface of the Eartlour integration time factor to the PWV data in an astronomical
will translate to very dramatic changes in THz absorption scenario (zenith path). Finally, we utilize mean PWV data to
factor of two in PWV may be a factor of 100 or more iranalyze a THz grountb-satellite communication link by
transmission irthe THz bandsAdditionally, integratio time  showing transmission at a 45° path.
scales to the square of thexponentialabsorption factor,
whereas it scales proportionally to increasing cloud cover.
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Fig. 7. Global distribution of mean and median clkslly PWV, derived from combined MODO7 Aqua and Terra satellite infrared data for the 2011 c
year.Higher resolution color versions of all maps in this paper are included in the supplemental figures, available online.
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Figures 7 and 8 depict global median '{5ercentile) and
mean cleasky PWYV and cloud fraction, as raw input data "
our models. Immediately evident should be the low PW
areas of the entire Antarctic continent, the Andes, 1
Greenand Ice Sheet, and the large area of the Tibetan plat
Areas which have significantly low PWVs are the Alask:
mountain range, the ranges of the Western United States, tFig. 10. Time series and cloudy sample fraction of three Antarctic
Scandinavian mountains, and the Altai Mountains betwe>°™es A and C, and the South Pole. Note effects of the warmer

. . ; summer (days 265 through 79) can be seen.
Russia, Mongolia and Qté.

Figure 9 depicts the cumulative distribution of the mediahibetan Plateau and Antarctica remain excellent. By the 925
clearsky PWV as a function of surface area, with thésHz window (Fig13), only portions aforementioned sites
Antarctic region (>60° S latitude) separated. Fundamentallfgmain abve the-20 dB mark, with the remainder of the
all area under 1 mm PWV is Antarctic, while 99% of thé=arth worse thar100 dB. The benefits of the topography of
remaining area sits abe 3.0 mm. We also see that aAntarctica only become evident at the 925 GHz window and
significant amount of neAntarctic surface area, 20% is drierabove. At the upper end of the frequency range, the 1336 and
than 10.6 mm and 4.7% is drier than 5.0 nfimom the data, 1500 GHz windows are only aceéisle with 40 dB attenuation
expect that optimal Antarctic sites will have a median eleaat prime sites, or with 3 to 10 dB attenuation in the interior of
sky PWV under 1 mm while the best Rantarctic sites will Antarctica.
range from around-10 mm PWV. Figures14 and15 show the effects of atmospheric radiance

In the case of extremely low level sites even within théor 404 and 667 GHz vertical paths, respectively. As PWV
Antarctic plateau, there is still a considerable differendgcreases, antenna temperatumpidly approaches the 294 K
between sites such as the South Pole, Dome A, Dome &sumed ground level temperature of the MODTRAN model.
Dome F and Ridge A. Figut® compares time series betweerAt 404 GHz, this occurs at the moderate PWV of 16 mm,
Domes A and C and the South Pole, showing the drieghereas this occurs at 6.3 mm at 667 GHz. Only the lowest
conditions at Dome A, followed by Dome C and then the PolEWV areas typically Antarctic, have radiance which is
The Antarctic seasonal trend is visible, with higher wategignificantly lower. The assumed ground temperature
vapor levels during the warmeustralsummer. represents a standard atmosphere at sea level, hence is
. . generally too high for higlaltitude sitesAt higher PWVs, the
A. Astrononical Scenarios antenna temperature of atmospheric radiance is close to the

We first interpret the PWV data by studying models for ground air temperature, whilor lower PWVs, mainly in
zenith transmission path. This is a beaste path and Antarctica, this is often not the case and detailed atmospheric
representative of &®nomical observationssome ofwhich  models are necessary.
can be scheduled when the targeapproximatelyoverhead.  Figure 16 depicts the 667 GHz integration time factor for a
It is also is useful for communication links to Ron zenith path and with cloud cover incorporated; radiance is not
geostationary orbits where the path is close to overhead.  considered. This soario is closest to observationdere the

Figs 11-13 depict the median cleaky transnissionat the  photon statistics of theource is the dominant (i.e. BLIP
404, 667, and 925 GHz windows for a zespthinting pathlt  limited systen). While an integration time factor of 1
can be observed from Figl that low attenuation, less than 20represents no atmospheric effects, it does not compare directly
dB, exists at many locations over the surface of the Haigh. to a space telescope. Grodpalsed instruments can easily
12, at 667 GHz, shows a significant increase ieratation. have two orders of magnitude more collecting area (1 m
Transmission to ies in the midatitudes are significantly versus 10+ m diameter), compensatingd® 1 ®10* larger
reduced while the Greenland Ice sheet, high Atacama Desgitegration time. With larger ground based system,



