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Abstract

Passive radiative cooling of buildings has been an underachieving concept for decades. The few deployments
have generally been in dry climates with low solar angles.

The greatest need for cooling is in the tropics. The high humidity endemic to many of these regions
severely limits the passive cooling available per radiative area. To wrest temperature relief from humid
climates, not just nocturnal cooling but solar irradiance, both direct and indirect, must be addressed.

This investigation explores the extent to which thermal radiation can be used to cool buildings in the
tropics. It concludes that inexpensive materials could be fabricated into roof panels providing passive cooling
day and night in tropical locations with an unobstructed view of sky.

Introduction

“European heatwave caused 35,000 deaths”[32] shows that cooling is not merely for comfort. Most people
in tropical regions must endure high heat daily. Much illness and death result from exposure to insect-borne
disease while dwellings are ventilated or too hot to occupy.

A sizable fraction of the electricity currently generated is used for cooling and refrigeration. It is ironic
that in order to be cool we contribute to global warming. That infinite 3 K heat sink we call the universe
holds promise of opportunities to cool more efficiently.

Black Body Radiation

What is the cooling power of blackbody radiation? Radiating from a black body at temperature T into a
hemispheric vacuum at temperature Tj:
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Less than half of this can be achieved due to the infrared absorption by earth’s atmosphere. But

significant cooling can be achieved by radiating from the earth’s surface. Natural radiative cooling is manifest
as precipitous drops in temperature on nights when the atmosphere is very dry.



Atmospheric Transmittance

The earth’s atmosphere absorbs and scatters radiation over much of the infrared band. The Gemini Obser-
vatory citing Lord [23] gives atmospheric transmittance spectra from 0.9 pym — 5.6 ym and 6 ym — 28 um
for low levels of humidity above Mauna Kea.!
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Henry Roe [personal communication] has calculated infrared transmittance data for 37 °C saturation
humidity at sea-level. Of particular interest is the 8 pm — 13 um infrared “window” encompassing the peaks
of blackbody emission radiating from bodies between 0 °C and 37 °C.

Sea-Level Atmospheric Infrared Transmission through 42.mm H,O
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L http:/ /www.gemini.edu/sciops/ObsProcess/obsConstraints /ocTransSpectra.html
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Precipitable Moisture

Precipitable moisture is the depth (in mm) of liquid were all the moisture in a vertical column of atmosphere
condensed. A histogram of the hourly preciptable moisture in Miami Florida’s typical meteorological year
shows peaks at 30 mm and 45 mm.

Typical Meteorological Year
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A scatter-plot of temperature versus precipitable moisture shows that the highest moisture readings
occur around 26 °C; while no readings approach 37 °C (310 K).
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Airmass

A horizontal plate sees 180° degrees of sky. Transparency is reduced when looking through a larger airmass.
Limiting the view of the plate to 60° from zenith gives an averaged visible airmass of 1.333. G¢, the ratio
of the radiant flux to the hemispherical flux is 0.75 at 60°.

Airmass is not the only reason to limit this angle. Hills, vegetation, and buildings within view of the
plate will emit thermal radiation which it could absorb. The daily solar warming of these objects will raise
their temperatures above ambient and result in a net transfer of heat into the emitter. So a radiating plate
should be deployed by placement on a horizontal roof and spaced from substantial projections so that they
are below the plate’s cone of view.

The blackbody spectral power density at wavelength A\ and temperature T is:

MO\T) = a)™ (eﬁ/” - 1)7

The blackbody efficiency G ~ 0.93, the glazing’s infrared transparency G = 0.8, and G¢ restrict both
incoming and outgoing radiation. The outgoing thermal radiation, M (A, T), is offset by thermal emissions
of the atmosphere, M (X, T4) - (1 — (A1(X))?), where a is airmass and A;()\) the atmospheric transmittance
at zenith (airmass of 1). Integrating the radiation balance over wavelength gives the net radiated power
density:

Au
GpGrGe MAT) = M(A,Ta) - (1= (A1(N))") dA
AL
AL — AU T4 H,O T=310K T=300K T=273K
1 pm — 28 pm 300 K Imm 135W-m=2 106 W-m=2 42 W.m 2
8 pym — 13 pm 300 K lmm 83W -m™2 69 W-m2 39 W-m—2
1 pm — 28 pm 300 K 5mm 110 W-m=2 81 W-m™2 16 W-m™2
8 pm — 13 pm 300 K 5mm 77TW-m? 63W-m? 33W.-m?
1 pm — 28 pm 300 K 42mm 65W-m2 36W-m?2 —29W.m2
8 ym — 13 pm 300 K 42mm 47TW-m2 33W-m? 3W-m2
1 pm — 28 pm 310 K 42 mm 42 W-m™2 13W-m2 —52W.-m?2
8 pm — 13 ym 310 K 42mm 39W-m2 25W-m™2 —5W.-m?

The transparency data does not distinguish between atmospheric absorption and scattering. This cal-
culation assumes that all radiation not transmitted is absorbed; and that all absorption is matched by
proportional blackbody emission. It also assumes that the atmospheric blackbody emission is at the gound
level ambient temperature (300 K or 310 K).

Although the top half of the chart has high cooling rates, the low humidities of the 4205 meter summit
of Mauna Kea [21], above 40 percent of the Earth’s atmosphere, is not a location typical of the millions of
buildings which might benefit from cooling. But the bottom half of the chart shows some cooling activity
even in tropical saturation humidity at 37 °C.

In “Passive Cooling” [12] M. Martin writes “A blackbody emitter provides the greatest cooling power when
the radiator is at or slightly below the ambient air temperature. The advantage of using a selective radiator
is that it is capable of attaining a much lower temperature (the stagnation temperature) than a blackbody
under clear sky conditions.”

The rows in the chart with a wavelength range 8 ym — 13 pm simulate a perfect (“brick wall”) selective
emitter. The chart shows selective emitters have less cooling power than non-selective emitters for rooms
at or above ambient temperature; consistent with Martin’s description. For cooling low-technology tropical
buildings, the selective emitter “advantage” is actually a disadvantage. With selective emitters the daily
temperatures swings will be amplified, making dwelling interiors uncomfortably cold before dawn.

Selective emitters are the focus of most of the radiative cooling patents; but selective emitters are
suboptimal for cooling tropical buildings. Non-selective emitters will cool hot interiors faster.
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Shedding Light

Typical Meteorological Year
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A histogram of the hourly radiation impinging on 1 m? in Miami Florida’s typical meteorological year
shows there are thousands of hours when the incoming radiance greatly exceeds the cooling available from
blackbody radiation.

Typical Meteorological Year

600 - '12839 MIAMI  FL -5N2548W 8016 2 — |

500 - B

400 | 4

hours

300 | B

200 b

100 y

0 1 1 1 1 1
0 200 400 600 800 1000

Direct Normal Radiation W.hr/m?

Comparing the total radiation with the direct solar radiation shows that diffuse radiation must be a
significant contributor on the brightest days.



Typical Meteorological Year
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Merely shielding the cooling radiator from direct sunlight would leave 1800 hours per year when the
cooling panel would receive more than 200 W /m?.
What about wavelength selectivity?

90 % of the sun’s radiance is at wavelengths shorter than 1.7 pm.
99 % of the sun’s radiance is at wavelengths shorter than 4 pm.
99.9 % of the sun’s radiance is at wavelengths shorter than 9 pm.

99.7 % of a 300 K blackbody’s radiance is at wavelengths longer than 4 pm.
99 % of a 300 K blackbody’s radiance is at wavelengths longer than 4.8 pm.
90 % of a 300 K blackbody’s radiance is at wavelengths longer than 7.3 pm.

A cold mirror which reflected waves shorter than 4 ym and transmitted waves longer than 7 pym would
allow the radiator to simply face upward through the cold mirror.

Emitters and Concentrators

The Second Law of thermodynamics dictates that the blackbody flux through an aperture can be no greater
than that produced by a blackbody at the same temperature having that aperture as its surface.? Thus,
blackbody radiation cannot be concentrated by any arrangement of mirrors. The rate of cooling is limited
by the blackbody emitter aperture.

With the low efficiency of radiating through humid air, it will be necessary to cover most of the roof area
with radiators. For piped fluids, this would be prohibitively expensive. Replacing the roof with radiative
panels seems the only strategy which can come in at low enough cost for widespread deployment.

Many radiative cooling schemes employ selective emitters. But in the tropics, the solar heat absorbed a
selective emitter will often overwhelm the radiative cooling available. In high solar radiance daylight, roofing
which rejects more than 90 % of solar radiation would gain less heat than selective radiators which reject
only 80 %; and there are a variety of cool roof products designed to reflect solar irradiance. In any case,
practical radiative roof panels must reject heat from both direct and indirect solar radiation.

Room-temperature blackbody emitters are common. In some cases, putting an infrared emitter in roof
panels isn’t necessary; objects and floor can radiate through infrared-transparent roof panels.

2 Otherwise, there would be net energy transfer between two blackbodies at the same temperature, which
the Second Law forbids.



Prior Work

US patent 3,043,112 issued Jul. 10, 1962 to A. K. Head describes a “Method and means for producing
refrigeration by selective radiation”[1]. A selective emitter deposited on a reflective metal heat exchanger
is covered by an infrared-transparent layer to “prevent conductive and convective transfer of ambient heat
to the selective absorber”. The only material mentioned for the insulating layer is polyethylene. Head also
suggests that a thin layer of “germanium or silicon; which is opaque to radiation outside the range of 8 to 13
microns, on the outer face of the insulating region further limits heating by solar radiation.” This hints at
the use of a light absorbing layer in the patent by Silvestrini et al.[3], but does not presage the elimination
of the selective emitter by Silvestrini; nor the light-transparent emitter of the present invention; nor the
specular solar shield of the present invention. Both germanium and silicon are infrared transparent in films
less than 100 nm thick. Both have bandgaps too high for effective solar rejection.

Head’s suggestion of a vertical sunshade for his horizontal emitter is unworkable in the tropics, where
the sun is at zenith twice per year; and would require the sunshade to be impractically large because of the
high sun angles in the tropics. Vertical sunshades provide practically no ultraviolet protection on cloudy
days, which is needed because ultraviolet radiation degrades polyethylene.

For application to cooling a house, Head shows a baffle below the heat exchanger and suggests: “As
the source of cold is above the rooms to be cooled, suitable ducting gives automatic circulation of air.” The
present invention is simpler. It has the emitter in the ceiling; enabling radiative, convective, and conductive
transfer of heat to the emitter. Elimination of the baffles and ducting improves the overall efficiency of the
cooling process.

US patent 3,310,102 issued Mar. 21, 1967 to F. Trombe describes “Devices for Lowering the Temperature
of a Body by Heat Radiation Therefrom”[2]. It uses transparent polyethylene as the window material and
polyvinyl chloride or metal oxides as selective radiators.

All his devices are described as pointing north and have reflectors shielding the radiator from direct
sunlight. This scheme will be ineffective on cloudy days. And it would require the devices to be aimed
horizontally in the tropics, reducing their cooling power by a factor of 3 relative to horizontal emitters, a
futile level.

Trombe’s patent shows imagining and non-imagining concentrators much larger than their blackbody
emitters. The second law of thermodymaics limits their cooling power to that of the actual emitters. Such
large structures will not be economical for the small amount of cooling they would deliver.

Trombe’s nested radiators would surpass the cooling power of a single radiator only if thermal conduction
was the limiting factor for cooling. In the vast majority of sites and seasons potentially benefiting from
cooling, radiant flux from the sky limits temperature drops. Trombe’s December measurements at Montlouis,
Pyrenees-Orientales, France on clear days at temperatures hovering near freezing should not be extrapolated
to sea-level saturation humidity in the tropics.

Granqvist and Hjortsberg [10] give a thorough analysis of radiation balance and their selective emitters
on reflective aluminum. Putting all the wavelength selectivity in the emitter has the disadvantages:

e Solar heating is part of the load which the emitter must radiate.

e Placing the selective emitter on reflective aluminum does not allow solar lighting through the panel.

o Selective emitters have less cooling power than non-selective emitters when cooling warm buildings.

US patent 4,586,350 issued May 1986 to Berdahl describes “Selective radiative cooling with MgO and/or
LiF layers” [4], another selective emitter on a reflective metal substrate. Selective emitters do not perform
as well as non-selective emitters for cooling tropical buildings.

Berdahl writes “A need has existed in the art for materials not in the form of single crystals which can
be effectively utilized in selective radiation cooling systems, and particularly such materials that are reflective
in the 13-40 micron wavelength range.”

He accomplishes this with millimeter thick slabs of ceramic MgO or LiF. He reports a stagnation tem-
perature of 25 degrees below ambient versus 22 degrees below ambient for a blackblody radiator. Lower
stagnation temperature, which comes at the price of lower cooling power for warm interiors, is a disadvan-
tage when cooling tropical buildings.

The present invention differs in that it uses sheets of inexpensive materials like glass or plastics as
non-selective infrared radiators which are also transparent to visible light.
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About solar shields Berdahl states: “If the selective radiative cooling material is to be utilized in direct
sunlight, the infrared transmitting cover or shield should be opaque in the solar specturm of 0.3 to 8 microns.
The previously-referenced patent to Silvestrini et al gives information for the fabrication of such shields.”

US patent 4,624,113 issued Nov. 1986 to Hull, “Passive-solar directional-radiating cooling system”[5],
combines non-imaging optical concentrators with selective emitters. Selective emitters do not perform as
well as non-selective emitters for cooling tropical buildings. As established earlier, the optical concentrators
do not improve the cooling power of its small radiators. Its optical concentrators would need to be aimed
horizontally in order to avoid direct sunlight in the tropics, reducing its effectiveness below useful levels. On
cloudy days, solar heating is part of the load which the emitter must radiate.

US patent 5,405,680 issued Apr. 1995 to Chang et al.[6] describes “Selective emissivity coatings for
interior temperature reduction of an enclosure”. Selective emitters produce less cooling than the combination
of blackbody emitters with solar screens, which are better suited to cooling tropical buildings.

The reflectivity graphs in the patent show poor performance for its preferred embodiment coating,
reflecting more than 50 %, and thus transmitting less than 50 %, of the 8 ym to 13 pm infrared band.

In “Optical Properties and Radiative Cooling Power of White Paints”, Tanemura et al. evaluate white
paints (on glass and steel) as broad spectrum IR emitters which reflect solar irradiance [17]. The best has
85 % solar reflectance; while all have close to 93 % IR emittance. They attribute the IR emittance to
the paint binders being acrylic or urethane. Even with these high numbers, the combination does not cool
during summer days in Nagoya Japan; this supports the need to separate the solar screen from the blackbody
emitter.

US patent 4,323,619 issued Apr. 1982 to Silvestrini et al.[3] teaches that high-density polyethylene
(HDPE) is 70 % transparent from 8 um to 13 pm while loaded with enough white pigment to achieve 70 %
solar reflectance by scattering. They bond black HDPE film to the back of white HDPE which absorbs the
sunlight which has penetrated through the white layer. The carbon black particles are smaller than 5 pm,
apparently radiating poorly at wavelengths longer than 5 pm.

For horizontal panels, this arrangement is significantly better than selective radiators. Selective radiators
absorb and must radiate the heat from sunlight they don’t reflect. The Silvestrini et al.[3] screen absorbs the
residual light, but does not radiate it. Instead, the heat absorbed from sunlight will be cooled by convection
from the top surface. The airspace between the screen and the radiating objects thermally isolates them.

The solar transmittance reported for these HDPE sheets ranged from 10 % to 1 %, depending on the
thickness and pigment concentrations.

While a straightforward extension of this patent might be to replace the white pigment with similar size
metal particles, it would still be light scattering. The present invention differs from the solar screen in that
solar radiation is specularly reflected from its top surface. This has the advantages:

e A higher proportion of solar radiation is reflected.

o Less solar radiation need be absorbed by the reflector sheet, keeping it cooler than a diffusing sheet.

e Very thin sheets can be coated and used; increasing the portion of blackbody infrared radiation which
it transmits.

e Because little ultraviolet radiation penetrates the reflective coating, it better protects the sheet from
degradation caused by ultraviolet light.

In “TiO4 Nanocrystalline Pigmented Polyethylene Foils for Radiative Cooling Applications: Synthesis
and Characterization”[11], Mastai et al. give spectral properties of HDPE loaded with several sizes of TiOq
crystals, finding that smaller crystals improve the Silvestrini et al.[3] screen.

In “Passive Cooling”[12] M. Martin gives a good overview of radiative techniques and tradeoffs, and
practical details. One approach coating polyethylene with tellurium to harden it to the effects of sunlight
and weather attributed to Golli and Grenier (1981) is discussed in the next section. Martin writes: “Further
efforts should be directed at increasing the infrared transmissivity of polyethylene, which exhibits a continuum
type of background emissivity in the spectral range of the atmospheric window.”

No practical film with higher IR transparency than HDPE has been reported. Minimizing the IR loss
means using the thinnest film possible. But thinness limits the amount of white and black pigments the
HDPE can hold. The highest solar reflectivity Silvestrini et al.[3] report is 72 % for a 100 pm thick film;
the highest Mastai et al.[11] report is 76 %, also for a 100 pm thick film. HDPE film is available as thin as
6 pm.



Wavelength Selective Glazing

The genius of Silvestrini et al.[3] was to separate the solar screening component from the blackbody emitter
and make that screen nonemitting in the infrared. Thus the solar screen need not be a perfect reflector; it
can absorb solar radiation which it does not reflect. But it should be mostly reflective because of Martin’s[12]
caution: “... polyethylene, which exhibits a continuum type of background emissivity in the spectral range of
the atmospheric window.” For daytime cooling in the tropics, the separation of the solar screen from the
blackbody emitter is crucial.

Solar screen development has previously focused on the scattering properties of white crystals in
polyethylene sheet ([3][11]); and the use of semiconductors or semimetals as the solar reflecting layer
([1][6][12][15]). Reflection by scattering requires glazing thickness many times larger than is desirable for
maximum infrared transmittance. Also, embedded particles give little protection from HDPE degradation
by ultraviolet light.

An exterior layer of semiconductor (or semimetal) can be coated onto a thin sheet of HDPE. The
semiconductor is largely transparent to wavelengths whose energies are below the material’s bandgap en-
ergy. Unfortunately, photons with energy above the bandgap are absorbed and re-radiated, not reflected.
Compounding this problem is that photon energy in excess of the bandgap energy is absorbed as heat.

Silicon and Germanium (suggested by Head[1]) have bandgaps too high for this application. Martin[12]
reports work by Golli and Grenier (1981) coating 13 ym HDPE with tellurium, whose bandgap is lower. The
transmittance spectrum from the book is promising. Calculations show a 30 nm layer of tellurium absorbs
25 % and transmits 9 % of solar irradiance, which is comparable to the solar screen of Silvestrini et al.[3].
Exposing the toxic metal to rain and wind could be problematical.

30.nm layer of Te on 13.um HDPE film
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The University of Reading Infrared Multilayer Laboratory’s “Long-Wavelength Pass Filter 2QV” has
92.5 % peak transmittance and cuts from 80 % to 5 % transmittance between 4.548 pm and 4.332 pm [30].
At a cost of 175 GBP, this 10.9 mm diameter by 1.1 mm thick germanium crystal is not practical for cooling;
but it demonstrates that coated infrared-transparent materials can be fabricated with ample selectivity.

These sharp dichroic filters are composed of dozens of dielectric (electrically insulating) layers deposited
on a germanium wafer. Both crystalline germanium and multiple deposition processes are impractically
expensive for the large areas radiative cooling requires.

Materials having higher permittivities (and thus higher refractive indexes) are capable of implementing
selective filters with fewer layers. Electrically conductive metal layers have very high refractive indexes, but
absorb significant portions of incident radiation in the transition band between reflection and transmittance.
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The refractive index’s exponential increase with wavelength makes an electrically conductive metallic
layer highly reflective at long wavelengths; just the opposite of the desired cold mirror! US patent 4,337,990
issued 1982 to Fan and Bachner [7] is a hot mirror formed by a contiguous silver film.

In addition to these problems, depositing thin contiguous metallic layers is difficult and requires rigor-
ous process controls. Both sputtering and evaporative deposition of metals tends to deposit granular thin
films [27].

The investigations of J. C. Maxwell Garnett and H. Schopper into the optical properties of small spherical
metal particles embedded in a dielectric medium lead to a formula (given in Appendix A) for the effective
refractive index [27]. Their analysis applies only when granule sizes are smaller than the shortest wavelengths
of light being considered, 300 nm in our case.

90% Al in Al203
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The curves for 90 % granular aluminum embedded in aluminum oxide show a level refractive index and
low loss through most of the range of interest. A granular aluminum layer thus acts as a dielectric having an
index of refraction of 8.8. Reflections from this layer will be specular, quite unlike a layer of micron diameter
TiO2 or aluminum granules, which would diffusely scatter visible light.

A single 20 nm thick layer of this material gives the desired short wavelength reflectivity and long

10



wavelength transmittance. According to Alwitt [36], aluminum forms an oxide layer 2 to 3 nm thick.
Granules 140 nm in diameter would have the desired volume ratio of 90 %. Sputtering aluminum onto
HDPE can produce such granules.

This pair of charts shows the solar spectral irradiance, the blackbody spectral radiance, and the cal-
culated transmittance, reflection, and absorption of the granular aluminum layer on a 13 pum thick sheet of
HDPE.

Solar Irradiance airmass = 1.5 Blackbody T =310K, 300K, 273 K
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The solid curve is transmittance; dotted is reflection; and dashed is the absorption of radiation from
the top surface. The markers delimit the infrared window from 8 pym to 13 pm. The absorption bump at
0.75 pm is from the bulk properties of aluminum. The pairs of absorption lines at 3.45 um, 6.75 um, and
13.6 um are due to C-H and C-C bonds in the HDPE.? Their depth and the long wavelength absorption are
modeled to match the HDPE transmittance curve in reference [10].

Integrating the product of the solar irradiance with the absorption and transmittance curves finds that
13 % of solar irradiance is absorbed; and 3 % is transmitted.*

3 http://www.chem.arizona.edu/courses/chem?245 /polyeth.html
4 Increasing the HDPE thickness to 100 um reduces the 11.5 ym transmittance from 80 % to 75 %.
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Praxis

In hot, humid regions practical passive radiative cooling devices which operate both day and night require
the simultaneous satisfaction of several constraints:

e The device must reject nearly all direct and indirect solar radiation falling on it.

e The device must passively emit the bulk of its thermal energy as infrared radiation.

e The cone of infrared emission should be centered near the zenith and not so wide that infrared radiation
from hills, buildings, and vegetation is significantly absorbed by the emitter.

e Its glazing must be rugged enough to be cleaned of dust, bird droppings, and debris; or the glazing
must be inexpensive and replaceable.

e Ultraviolet light must be prevented from degrading polyethylene glazing.
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Shown in longitudinal and lateral cross-sections, a roof radiator would consist of a box; the bottom of
the box, 11, being a sheet of glass, acrylic, urethane, or other infrared emitter; the top of the box, 16, being
a thin sheet of high density polyethylene, whose upper surface has a very thin (20 nm) granular aluminum
coating, 17, with granule size comparable to or less than its thickness.

To strengthen it, reduce the noise of rain falling on it, and prevent pooling, the HDPE film should be
supported by a wire mesh, 21, stamped to form a slight crown.

Flexible gaskets, 19 and 29, prevent rainwater from falling between adjacent units. Boards, 31, in
notches, 20, around the perimeter of each roof unit hold them in place.

The daylight which penetrates the glazing, 16, is blue. To provide better illumination, a phosphor such
as is used to convert blue LED radiance to white light can be used. The phosphor could be incorporated into
the HDPE glazing, 16; or coat either side of the (clear) infrared emitter sheet, 11. Coating the top surface,
12, of glass (11) with a phosphor paint using acrylic or urethane as the binder would guarantee the 93 %
infrared emissiviety reported by reference [17].

Increasing ¢ (volume fraction of spheres in the composite) to 93 % or increasing the thickness to 25 nm
increases reflectance by several percent at .75 pum but depresses 11.5 um transmittance several percent.
Decreasing ¢q to 87 % or decreasing the thickness to 18 nm has the opposite effects.
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Optics

A function of vertical side walls is to limit the recessed plate’s cone of view. For infrared radiation, those
side walls must be either reflective or absorbing (and emissive). Absorbing side walls would absorb low-angle
rays which are outside of the desired cone. So side walls must be reflective.

Flat vertical walls would reflect low-angle rays between them until they passed over the top of a wall,
not limiting the view at all. The curved reflectors of patents [2] and [5] can restrict the aperture to a cone;
but these reflecting walls protrude far beyond the extent of the emitter. In addition to presenting high
wind loads, these reflecting walls prevent radiators from abutting, reducing the utilization of roof area. As
established earlier, no configuration of mirrors can concentrate cooling power from a small emitter.

The only recourse is to have the side walls return infrared radiation to the direction whence it came.
Doing so adds no heat load to the emitter. Right angle corner reflectors behave this way. In order that
they not be cumbersome in size, multiple small corner reflectors can be formed by corrugating long sheets
of reflective metal or metalized plastic, 14.

If the span of the box is so large relative to its height that it absorbs low angle rays, then corrugated
corner reflectors, 34, can be spaced across its span to form narrower radiation pyramids.

The thermal conductivity of elements 14 might limit the temperature difference attainable between the
glazing 16 and the base 11. But with the corner reflectors supported by rigid insulating foam 13, they
need not contact one another. Self-supporting corrugated elements, 34, can be fabricated with each slat
connecting to its neighbors at only a few points, thereby increasing their vertical thermal resistance.

The net power flow out of the emitter is:

/2
P(TsToW) = [ Ga(O) [ GrNQ) GalA Q) (MONT) = ST W)) ddd

where
Tg is the object (blackbody) temperature;
Ty is the air temperature at ground level;
W' is the precipitable moisture in millimeters;
G 4 is the aperture transmittance given in Appendix B;
G is the film transmittance;
Gp is the emitter efficiency, here assumed to be a constant 0.93;
M is blackbody emission;
S is the radiation inflow derived in Appendix C;
¢ is the angle from vertical; and
A is the wavelength.

The aperture’s optical transmittance was computed at 91 angles from 0° to 90°. Aperture width to
depth ratios of 4, 8 and 16 were simulated. The glazing’s optical transmittance was computed at 2000
wavelengths from 0.9 um to 28 um and 91 angles from 0° to 90°.

Blackbody radiance from the troposphere was computed at 91 angles integrated over 13804 wavelengths
from the lapse rate reduction of temperature with altitude, the density of dry air with altitude, and from the
humidity modeled as exponentially decreasing with altitude and normalized to the precipitable moisture.

s/h w Ta H>O T =310 K T =300 K T =290 K
4.0 76.0° 290 K 25mm 81 W-m 2 59W-m 2?2 39W-m?
4.0 76.0° 300 K 35mm 61 W-m™2 39 W.m™2 19 W-m™2
4.0 76.0° 300 K 45 mm 56 W -m™2 34 W-m™2 14 W-m—2
8.0 82.9° 290 K 25 mm 100 W-m™2 72W.-m~? 47 W -m~2
8.0 82.9° 300 K 35mm 75 W-m™? 47 W - m~2 22 W-m™?
8.0 82.9° 300 K 45 mm 69 W-m2 41 W -m™2 16 W-m—2
16.0 86.4° 290 K 25mm 110 W-m=2 80W-m 2 52W-m 2
16.0 86.4° 300 K 35 mm 82 W-m™2 52 W-m™2 24 W -m™2
16.0 86.4° 300 K 45mm 75 W-m™? 45 W - m™2 17 W-m—2
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h/s = 1/8 is the case closest to the 60° cone used in the lumped-airmass estimates, both having ratios
of aperture flux to hemisphere flux of 0.75. The lumped-airmass estimate of 36 W - m™2 at 42 mm of
precipitable moisture matches the value computed in the isothermal model of Appendix F; and corresponds
to the 41 W-m~2 at 45 mm of precipitable moisture (all with 300 K ambient) shown here. The improvement
in cooling power is due to air at elevation emitting blackbody radiation cooler than the ground level ambient
temperature. Appendix D visualizes the integration.

Convection and Conduction

When the lower plate is warmer than the glazing, then convection and conduction will aid cooling by
transferring heat proportional to the temperature difference. When the lower plate is cooler than the
glazing, then conduction will oppose cooling by transferring heat proportional to the temperature difference
and inversely proportional to the distance between the plate and glazing.

airspace upward heat flow downward heat flow
13 mm 270 W-m™2-K~t 227W.m 2. K!
20 mm 244 W -m~2.K! 1.61W-m2.K!
40 mm 222W-m™ 2. K1 935 W-m™2.K!
90 mm 200 W-m=2. K1 565 W-m=2.K!

A plate which is 10 K cooler than the glazing will have less than 6 W - m~2 back-flow of heat due to gas
conduction if the plate to glazing spacing is 90 mm.

13 % of solar irradiance is absorbed by the granular aluminum coated HDPE glazing. During 500 W-m™2
incidence, the glazing will absorb 65 W - m~2. Still air convection will transport about 8 W-m~2-K~! from
the top face. Its temperature will rise 8.1 K, causing a 4.6 W - m~2 reduction in cooling power.

Wind on the glazing increases the convective heat transport, lessening the heat back-flow. At Miami’s
average daytime wind speed of 5.5 m/s, convection transports 25 W-m~2-K~1; and the glazing’s temperature
will rise only 1.5 K, causing negligible heat back-flow.

Condensation

The latent heat of vaporization of water is 2.26 x 106 J/kg. A 1 m? radiator providing 50 W/m? of cooling
can condense 1 g of water in 45 s; 1 kg in 12.6 hr; or 1.9 kg per day. This amount of condensation is on a
par with commercial solar stills from SolAqua [33]:

“Solar still production is a function of solar energy (insolation) and ambient temperature. Production
rates in the Southwest U.S. can average about 2 liters per day in the winter to over 6 liters per day during
the summer, per square meter.”

10 m? of radiators cooling 50 W/m? in humid air could produce 19 L of water per day, enough drinking
water for six people. Tilting the radiative panels a few degrees and running a drip channel, 30, along the
lower edge collects the condensation for use or disposal.

Dynamics

Interior air temperatures can change rapidly. If there is 50 W/m? of net cooling, the 2 m column of
unsaturated air beneath it cools 1 K every 50 s. Saturated air at 310 K must have .033 g of water vapor
condensed from it, requiring an additional 116 J of energy; thus slowing time to cool by 1 K to 52 s.

14



Performance

The British Thermal Unit is approximately 1055 J of energy. 1 BTU /hr ~ 0.3 W. So a small (4000 BTU /hr)
room air conditioner removes 1170 W. To provide this much cooling under conditions of 45 mm precipitable
humidity at 27 °C (at sea-level) would require 30 m? of radiating area. But this large area will be offset by
there being negligible solar heat absorption by the radiators compared with a non-reflective roof.

Because many of the intended sites for radiative cooling do not have electrical infrastructure, comparison
with electrically-powered devices is not the best way to evaluate cooling. We are pursuing radiative cooling
to make people comfortable indoors. “Bioclimatic” charts map temperature/humidity domains of human
comfort, but are specific for the regions and customs where the trials were performed.

People on average have a metabolic rate of 150 W. This is split between sensible heat and latent heat
in the form of water vapor, the ratio depending on the ambient temperature. The load on the radiator to
remove these heats is simply 150 W, 3 m? at 50 W/m?2. Net cooling in excess of this 150 W will reduce the
temperature and humidity in the enclosure until it is balanced by heat leakage through the floor and walls.

Conclusion

Inexpensive materials can be fabricated into roof panels providing passive cooling day and night in tropical
locations with an unobstructed view of sky.

Deployment of passive cooling radiators in tropical developing regions would improve the health and
comfort of the populace without requiring electrical infrastructure; and without contributing to global warm-
ing.
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Appendix A - Granular Metal Effective Refractive Index
Heavens [27] relates n., the effective refractive index, to n, the bulk metal refractive index; and ¢, the volume
fraction of spheres in the composite thus:

nZ—1 n’-1

n2+2 ‘nZ+2

Solving for n:

2 24 n*+2(n?-1)q
n; =
24+ n%2+4(1—n?)q
But a refractive index of 1 for the dielectric is usually not the case. Change the dielectric constant of
the vacuum to ng and rederive:

12 n? +2n? + 2(n? — n?)q
n? n? 4+ 2n2 + (n2 — n?)q

Solving for n.:

n? + 2n2 + 2(n? — n2)q
n. = ng
w2 202 + (n2 —n%)q

This is the formula used by the FreeSnell program [31] for granular films.

Appendix B - Square Aperture

htan ©

e ==

A Lambertian blackbody radiates into the whole hemisphere. The recessed emitter restricts emission
to a pyramid centered on the zenith. Given a s x s plate with a s x s aperture h directly above it, a ray
inclined € from vertical sees

1-— ﬁtaun@
s

of the plate. The largest angle seeing any of the plate is
S

S
w=arctan—, h= .
h tan w

For a unit square (s = 1) Lambertian radiator, the ratio of recessed flux to flat hemispherical flux is:
tan 6 t —1
/ / ( an )cos@(l—m) cos o df dp = (sinw—i—cosw)
tanw tanw tanw
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Square Aperture
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edge angle from vertical

But the aperture gain, G 4, needs to be in terms of {, the angle from vertical.
The unit vector at angle ¢ from zenith and azimuth ) is:

Q = [sinesin¢, cosysinC, cos(].

The projections of Q onto the xz and yz planes do not necessarily have unit length:

[siney sin(, cos(¢], [cost sin(, cos(]
tanf = siny tan(, tan¢ = cosvy tan(
tan 6

=tan, tan®6 +tan?¢ = tan®(

tan ¢

Let u =tanf, v = tan ¢, and h = 1/tanw. Then du = df/ cos? § and dv = d¢/ cos? ¢.

w pw 1/h p1/h _ —
/ / 1-— tan 0 cosf | 1— tan ¢ cospdfdp = / / (1= hu)(1 = hv) du dv
o Jo tan w tan w 0 o (14+u2)3/2(1 +v2)3/2

Let x = tan .

tan&zu:L&nC tand)zv:ﬂ
V1422’ V1422
B:x, u? +v? =tan?(
du  du tan ¢ sec? Cx 2 ¢
J(z,2) = det <g g<> — det ( (ft?;f (z;ﬁ?;/z ) _ %
oz  O¢ (@213 (@@+10)172

The integrand in terms of h, x, and ( is:

3
2

3
htan ¢ hxtan( tan? ¢ T2 /x2tan?( B tan ¢
I(h =(1-—= 1-— 1 —+1 —_—
(o, <) ( 1:2+1>< 9:2+1> ($2+1+ 2%+ 1 " (2 +1) cos® ¢

The integral is then:

w pl arctan(v2tanw) pl
2/ / I(h,x,C)dxd§+2/ / I(h,z,¢)dxdC
0 0 w \/h? tan2(—1
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And: )
2 fy 1(h, 2, Q) du, if0<¢<w;

Ga(Q) = QIWI(h,m,C) de, fw< (< arctan(\/itanw);
0,

otherwise.

Square Aperture
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G 4 integrated over ( is the ratio of aperture flux to hemispheric flux. h is the ratio of recess depth to
length of the side; and w = arctan(1/h), the largest angle (from vertical) receiving flux from above.

h w [GaQd¢  h w J Ga(¢)d¢
1/2 63.4° 0.38 1/8 82.9° 0.78
1/4 76.0° 0.61 1/16 86.4° 0.89

It is desirable to limit the width of the radiative pyramid because the atmosphere seen at large ¢ angles
is opaque and emissive with temperature at or above ambient. Depth-to-side ratios between 1/4 and 1/8
look to have a good balance between efficiency and horizontal rejection.

The metalized glazing becomes reflective for nearly horizontal rays. The light gray traces are computed
ignoring interference within the HDPE film:

20.nm layer of 90% Al in AI203 on 13.um HDPE film @ 8.um, 11.5.um, 13.um

//-—_

power ratio

angle in degrees
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The metalized glazing will help reduce absorption at angles greater than 75° (from vertical) for emitters
with h < 1/8.

Appendix C - Modeling The Troposphere

In the lower atmosphere (Z = 9km), the moist adiabatic lapse rate L averages 6.5 K/km. So the temperature
at altitude z is roughly Ty — L z.
The air pressure P and density r at altitude z are

P(Z) = P, M 9/ T(Z) _ Py To— Lz g/(LR) _ P, M g/(LR)—1
0 TO R (TO — L Z) TO TOR TO

where R = 287m?-s~2.-K~ ! is the gas constant for air, and g is the gravitational acceleration. g/(LR) ~ 5.253.
Let p(z,To) = r(z,Tp)/v be the density normalized so that the integral, @, of p over Z at Ty = 300 K is
airmass of 1.

z VA g/(LR)-1 g/(LR)
P (To—L=z P To—LZ
1=0Q(Z,T,) = To)dz = L dz==-.[1=
Q( ) 0) /0 p(Z, 0) z /0 VTQR( TO ) z vg ( ( TO ) )

va~703x10%g - m™*

The saturation humidity decreases exponentially with temperature, hence it decreases exponentially
with altitude. “Surface Dew Point and Water Vapor Aloft” [40] posits that vapor density (saturated or not)
is exponentially decreasing through the troposphere.

Let W be the depth in millimeters of water from a vertical column of atmosphere were its water
condensed. Let w(z, W) = v W e%% be the precipitable moisture depth (in millimeters) per unit height of
a vertical column at altitude z.

z z
w
W:/ w(z,W)dz:/ vWe_ﬁzdz:U—(l—e_BZ) where 3 =0.44km™".
0 0 g
_ __ B _ 1
At Z =9km, U—“T_gz)—().llémkm )

Let 7(z) be the transmittance through an atmospheric column to altitude z. The logarithm of trans-
mittance, K, is composed of dry and 1 mm of humidity components:

r(2) = KEACTW) K (2N ¢ Ty, W) = (log B\ Q(zTo) + log Hy (A) W) - a(0)

where a(() is the airmass at angle ¢ from zenith. Two formulas for airmass are [29]:

1 1 8.75
alC) = cosC and «a(¢) = - (\/COSQ C+2r+1r2— COSC) where r = 6378
The choice does not materially effect the results of simulation.
The derivative of transmittance 7 with respect to z is:

T
H(Z> _ 67—(27)\764‘; 05 W) — eK(Zv)HCaTUvW) . K/(Z7)\7<,TO7W) — T(Z) . K/(Z7)\7<,TO7W)

where OK (2. M. C. Ty, W)
Z7 b ) b
oo = (log BOA) plz, o) + log Hi () w(z, W) - a(¢)
The attenuated emission per unit length at altitude z is —M(\,To — Lz) - k(z). Thus the flow of
blackbody radiation from the troposphere into the emitter is:

Kl(za )‘a CvTOa W) =

zZ
SOV W) = [ =M\ Ty~ L2) - k(2)ds
0

The contributions from small z dominate the integral; so linear integration steps have poor numerical
conditioning. Let z = exp(y).
log Z log Z
—M(\,To—LeY)-k(e¥) eV dy = / —M(\To—LeY)-r(e¥)e¥dy

—log Z

SO To ) = [

— 00
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Appendix D - Integrating Over the Sky

The net power flow out of the emitter is:

/2
P(Tp, Ty, W) = GB/O GA(Q/GF(A,Q - (M()\,TB) _ S(A,C,TO,W)) A\ d¢

The results of the inner integral are plotted below. The traces from top to bottom have precipitable
moisture and interior temperature: 35 mm and 310 K; 45 mm and 310 K; 35 mm and 300 K; 45 mm and 300 K
35 mm and 290 K; and 45 mm and 290 K. The ground-level ambient air temperature for all is 300 K.
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When the interior temperature is 290 K, the traces runs negative at high angles because the large
airmass blocks visibility of the cooler air at higher elevations.
The outer integral sums the angle-wise product of the net radiative flow and G 4:

Net Outgoing Radiation through Aperture
Versus Angle from Zenith
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Appendix E - Atmospheric Absorption Data

The Gemini Observatory gives atmospheric transmittance spectra for low levels of humidity above Mauna
Kea.?. These spectra are smoothed down to 13800 values from 1.08 x 10¢ elements calculated by the ATRAN
program [23], a 78 fold reduction.

The mass of the dry air between sea level and the Mauna Kea summit at 4205 m is Q (4205, 300) = 0.580.
To turn this into airmass 1 data each transmittance value is raised to the reciprocal of 0.580:

A1/0'580(>\) _ A1'723()\)

These numbers being raised to powers in the calculation of S makes extrapolation of transmittance of
humid atmospheres risky. The 42 mm (of precipitable moisture) Roe data at 1 x 10° wavelengths from 7 ym
to 15 pm was averaged to 1601 values to be used with the Mauna Kea spectra. Spot checks of the averaged
values found the wavelength of transitions matched the Mauna Kea data.

The calculation in Appendix C requires that absorption from moisture and that from dry atmosphere be
separated. The dry atmosphere transmittance can be extracted from spectra computed for different levels
of precipitable moisture. Let Aw (\) be the spectral transmittance value computed for W millimeters of
precipitable moisture. Agz(A)/A;(A) is the transmittance due to 2 mm of water; and /As(A)/A1(\) is the
transmittance for 1 mm of water. The dry transmittance is then:

AN AW
VA3z(A) /A1 (N) Az (V)
In order to minimize the distortion due to smoothing at high humidities, the absorption of water should

be computed using the most humid data available. For the range 0.9 ym to 5.6 ym, that is 3 mm. The Roe
data for 42 mm spans the range 7 pm to 15 um. The rest is 5 mm.

o= (20)"" = (2)

Ao(N)

When an A;(\) transmittance value is 0, Ag(A\) and Ap,o(\) are set to 0. When the value computed
for Ag(\) is greater than 1, Ag(\) is set to 1.

In the range 0.9 ym to 5.6 pm, working from 3.0 mm HO and 1.0 mm HsO Mauna Kea data, there
are 206 wavelengths where the value computed for Ag(A) is greater than 1. All but 12 of these are less than
1.001. The 12 outliers ranging from 1.2 to 46 are all at wavelengths greater than 2.5 pym.

In the range 6 um to 28 um, working from 5.0 mm H>O and 1.0 mm H>O Mauna Kea data, there are
23 wavelengths where the value computed for Ag(\) is greater than 1. Their values range from 1.01 to 16.6.

In the range 7 pm to 15 pm, working from 42.0 mm HsO Roe data and 1.0 mm HoO Mauna Kea data,
there are 12 wavelengths where the value computed for Ag,o()) is greater than 1. Their values are between
1 and 1.01 and are at wavelengths from 9.4650 pm to 9.6600 pm.

5 http://www.gemini.edu/sciops/ObsProcess/obsConstraints/ocTransSpectra.html
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Appendix F - Verifying the Tropospheric Model

Running the 60.0° cone with the isothermal tropospheric model yields results within 3 % of the lumped-
airmass cooling calculations when the interior is not cooler than ambient. The isothermal rows were run
with an effectively zero lapse-rate in the tropospheric model of Appendix C.

The “lapse-rate” rows show signficant cooling gains compared to the other rows because some of the air
(at elevation) emitting blackbody radiation is cooler than the ground-level ambient temperature.

Troposphere Model

lapse-rate
isothermal
lumped

lapse-rate
isothermal
lumped

lapse-rate
isothermal
lumped

lapse-rate
isothermal
lumped

Ta
300 K
300 K
300 K

300 K
300 K
300 K

300 K
300 K
300 K

310 K
310 K
310 K

Appendix G - HDPE Thickness

s/h
4.0
4.0
4.0

8.0
8.0
8.0

16.0
16.0
16.0

w
76.0°
76.0°
76.0°

82.9°
82.9°
82.9°

86.4°
86.4°
86.4°

Ta
290 K
300 K
300 K

290 K
300 K
300 K

290 K
300 K
300 K

H>0O
1 mm
1 mm
1 mm

5 mm
5 mm
5 mm

42 mm
42 mm
42 mm

42 mm
42 mm
42 mm

Replacing the 13 pm sheet of HDPE with a 100 um sheet reduces cooling power more than 10 %:

s/h
4.0
4.0
4.0

8.0
8.0
8.0

16.0
16.0
16.0

76.0°
76.0°
76.0°

82.9°
82.9°
82.9°

86.4°
86.4°
86.4°

Ta
290 K
300 K
300 K

290 K
300 K
300 K

290 K
300 K
300 K

T=310K T =300 K T=273K

148 W-m=2 120W-m~=2 58 W-m™?2

135 W-m=2 107 W-m™2 46 W - m—2

135 W-m™2 106 W-m™2 42 W -m~2

120W-m™2 93W-m2 31W.-m 2

108 W -m—2 81 W-m™2 19 W.-m—2

110 W - m~—2 81 W-m™2 16 W-m—2

74W-m2 46 W-m2 —16 W-m™2
63 W-m~? 36 W-m2 —26 W -m2
65 W-m™2 36 W-m2 —29W.-m?
53W-m™2 26 W-m 2 —-36W-m2
42 W -m~2 15W-m™2 —47W.m?2
42 W .-m~2 13W-m™2 —-52W.m?

H>O T=310K T =300 K T=290 K
25mm  S81W-m2 H59W-m?2 39W.m?
35mm 61W-m2 39W-m?2 19W.m 2
45 mm 56 W -m™?2 34 W.-m™2 14 W-m—2
25mm 100 W-m™2 72W-m™ 2 47W.m™2
35 mm 75 W -m™2 47 W - m~2 22 W-m™2
45mm 69W-m2? 41 W-m2? 16W-m2
25 mm 110 W-m™2 80 W -m—2 52 W .m™2
35 mm 82 W -m2 52 W.-m~2 24 W-m™2
45 mm 75 W -m™2 45 W - m~2 17 W -m™2

H>O T =310 K T =300 K T =290 K
25mm  71W-m 2 52W-m? 34W-m?
3Bmm 54W-m?2 3BW-m? 17W.m 2
45mm 499W-m2 30W-m? 13W -m?
25 mm 87 W-m™2 63 W-m™2 42 W - m~2
3B5mm 65W-m2 42W-m2 20W.m 2
45 mm 60 W -m~2 36 W-m™2 15 W-m™2
25mm 96 W-m=2 T70W-m 2?2 46 W-m~?
35 mm 72 W-m™2 45 W - m~2 21 W-m™2
45mm 66W-m™2 40W-m2 16 W.-m2
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Appendix H - Precipitable Moisture

In “Estimating Moisture Profiles Using a Modified Power Law” [43], Raymond writes: “Measurements from
the GOES-8 and -10 (Geostationary Operational Environmental Satellite) sounders and the SSM/I (Special
Sensor Microwave Imager) are used to determine the integrated water vapor or precipitable water. Addi-
tionally, brightness (or equivalent blackbody radiation) temperatures associated with GOES sounder water
vapor bands 10, 11, and 12, which are centered at 7.4, 7.0, and 6.5 pm, respectively, provide additional
information in the vertical. These observations correspond to low-, middle-, and high-level estimates of the
relative humidity in the troposphere.”

The TMY2, Typical Meteorological Year [34], is unusual among climatic data formats in that it contains
a field “Precipitable Water” (columns 124 - 128). Total precipitable moisture is a key parameter determining
the radiative cooling power available. All the formats contain dew-point or other measures of humidity
at ground level. Several investigators have explored the relationship between ground level humidity and
precipitable water.

In “Surface Dew Point and Water Vapor Aloft” [40], Reitan finds a high correlation between mean
monthly surface dew-point and mean monthly total precipitable water at each of 15 localities in the United
States of America. In “Note on the Relationship Between Total Precipitable Water and Surface Dew
Point” [41], Smith tries to extend this relationship to daily and hourly values by specializing parameters
for latitude and season.

A scatterplot of precipitable moisture versus dew-point temperature shows that, on an hourly basis,
precipitable moisture is poorly correlated with ground level humidity in Miami Florida.
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Breaking down by season, the scatterplot for summer is remarkably concentrated around a dew-point
of 22 C. However, all the plots show that dew-point temperature in itself is not sufficient for predicting
precipitable moisture.
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“Estimating Moisture Profiles Using a Modified Power Law” [43] concludes: “The results of the present
study demonstrate that the estimates of precipitable water from mean monthly surface dew-point temperature
are not sufficiently reliable to justify making surface measurements to infer existing preceiptitable water.”
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