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We derive a general, tilt-dependent, nighttime, radiative deficit model with13

an eye towards improved dew collection. The model incorporates atmo-14

spheric/environmental incoming radiation, a linear precipitable water vapor trans-15

mittance function dependent on local meteo data and the influence of near-horizon16

obstacles. A brief discussion of cloud cover is given. The model is then used more17

specifically to predict radiative deficits for an ideal blackbody emitter in an environ-18

ment with an isotropic temperature. Knowing the tilt angle, near-horizon obstacles19

and local meteo-data, it is then possible to estimate the radiative deficit of a given20

emitter. We consider errors resulting from the assumption that the ground and ob-21

stacles are at the same temperature as the air. We also analyze the errors arising22

from the linear precipitable water vapor transmittance function by comparing the23

results against high-resolution, full-spectrum Modtran® data [1]. We show that for24

typical tilt angles, the isotropic temperature model is a reasonable approximation as25

long as the above-horizon environmental heating is small. We believe these results26

will be broadly valuable for the field of radiative cooling where a general radiative27

treatment has yet to be made and in particular the field of dew water harvesting.28
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I. INTRODUCTION29

While remaining a niche method within the water production landscape, passive dew col-30

lection has the distinct advantage of being local, renewable, easy to use, producing relatively31

clean water and not requiring electricity[2–4]. While dew collection will not solve the world’s32

water problems [5, 6], it can provide an important supplemental source in places where the33

right atmospheric conditions exist. Between gaseous, liquid and solid phases, there is ap-34

proximately the equivalent of 12,900 km3 of liquid water in the atmosphere making it a35

prime source for exploration [7].36

Dew was unsuccessfully pursued as a water source in the early 20th century [8]. However,37

there has been recent renewed interest in dew as a supplemental water source [3, 9–13] as38

our understanding of condenser physics [8], radiative cooling [14–21], and dew formation39

[22, 23] have improved, and high-yield materials have come to bear [24–32]. In an effort40

to optimize dew yields, many parameters have been studied including: wind speed [33, 34],41

angle of the collector [24, 35], shape of the apparatus [36–40] and scaling of dew collectors42

[41, 42] to name a few.43

The enabling physical mechanism of passive dew collection is radiative cooling [14–44

21, 27, 43–45]. The atmosphere has a spectral transmission window in the long-wave infrared45

region roughly between 8 and 13 microns through which the Earth and bodies of similar46

temperature can undergo thermal exchange with space (treated as an infinite thermal reser-47

voir at 2.7K). A radiative deficit of a device is the cooling that comes from the differential48

between the blackbody radiated heat loss of the device and the blackbody atmospheric and49

environmental radiative heat gain back on to the device. If the deficit is large enough and50

care has been taken to limit other heating sources, the device can cool below the dew point51

and dew condenses on the surface.52

While radiative cooling and dew theory are both fairly mature fields, there have been53

historical difficulties in linking them together. Optimal radiative deficits and optimal dew54

collection have competing demands and operate under different contexts. Ideal radiative55

cooling occurs with the emitter surface normal pointed at the zenith and with low path-56

integrated precipitable water vapor (PWV). PWV is defined as the liquid equivalent thick-57

ness of the water vapor column from the Earth’s surface to the top of the atmosphere. On58

the other hand, to overcome pinning forces of dew droplets on the emitters, it is neces-59
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sary to tilt the emitter relative to the zenith, which decreases the cooling power. Further,60

high relative humidity, needed for high dew yields, can also imply high PWV, which lowers61

the atmospheric transmission and thus reduces the radiative deficit. Although radiative62

cooling is usually derived using an angularly-dependent sky emissivity, due to these above63

difficulties, in many dew theory models atmospheric heating is often described by a sin-64

gle, angle-independent, empirical, sky-emissivity parameter εatm [3, 8, 46]. Owing to the65

dynamic nature of the atmosphere, this requires constant surveillance of the atmosphere.66

Here, we derive a radiative model that incorporates PWV for an angle-dependent emissivity67

for emitters of arbitrary geometry, but focus on planar emitters tilted at arbitrary angles.68

The model further considers the effects from near-horizon obstacles as well as cloud cover.69

We note that the field of radiative cooling lacks a generalized radiative treatment. The70

theory and most proof-of-concept emitter deficits are based on surface normals pointing at71

or near the zenith. However, as the need for radiative cooling increases and, for example72

paints, are used at non-zenith angles, a generalized treatement will be needed. By adding73

to this work the direct and indirect solar irradiance (Rayleigh scattered) contributions as74

well as the emitter absorbance properties in the visible and short wave infrared, a fully75

generalized treatment could be made.76

This paper is organized as follows. We first express the basis for nightime radiative deficit77

for tilted emitters. Then we briefly describe the use of a popular atmospheric emissivity78

model. Next, we consider the effects of the tilt of a perfect blackbody emitter on the79

radiative deficit in an environment at the temperature of the air. Then, we incorporate80

a precipitable water vapor model into the atmospheric emissivity. Lastly, we discuss the81

results and potential errors in the assumptions in a Discussion section.82

II. NIGHTTIME RADIATIVE DEFICITS FOR TILTED EMITTERS83

The nighttime radiative deficit (excluding solar heating) of an emitter at temperature T84

is expressed by the equation:85

Pdeficit = Prad − Pin, (1)
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where Prad represents the thermal power radiated from the emitter. For an arbitrary emitter86

geometry, it is found by integrating the emitted thermal radiation of the dew condenser at87

temperature T for each infinitessimal area dA of the emitter over all wavelengths λ and88

solid angles dΩ:89

Prad = ∫
A
∫

Ω
dA ⋅ dΩ∫

∞

0
IBB(λ,T )ε(λ, θ, φ)dλ, (2)

where IBB is the ideal blackbody spectral radiance, and ε is the emissivity of the emitter,90

which is a function of polar and azimuthal emission angles and wavelength. From this point,91

we will assume a planar emitter with unit surface area having a surface normal vector ne,92

which simplifies our radiated power to93

prad = ∫ ne ⋅ dΩ∫
∞

0
IBB(λ,T )ε(λ, θ, φ)dλ, (3)

where we note that the use of the lower case prad is the power per unit area.94

Pin is the thermal downwelling radiation absorbed by the emitter from the atmosphere95

and environment. In typical radiative cooling theory models, only the atmospheric radiation96

is assumed. In this calculation, we consider all incoming thermal radiation that impinges97

on the emitter whether it be from the atmosphere or external objects in the environs that98

may not have azimuthal symmetry. Also using the power per unit area, we have99

pin = ∫ ne ⋅ dΩ∫
∞

0
IBB(λ,Tenv)ε(λ, θ, φ)εenv(λ, θ, φ,W, c)dλ (4)

where εenv is the emissivity of the surrounding environment as a function of polar θ and100

azimuthal φ angles, wavelength λ precipitable water vapor (PWV, which in mathmetical101

expressions is W , for simplicity) and cloud cover c. We will show how to find W later as a102

function of air temperature and relative humidity.103

In standard solutions for radiative theory, a planar emitter has a surface normal that104

points at the zenith, ne = k̂, from which we define our polar angle. The azimuthally invariant105

symmetry of such an emitter is valuable since the atmospheric radiation is also assumed106

to be azimuthally invariant. Thus, for this symmetric configuration, we find ne ⋅ dΩ =107

cos(θ) sin(θ)dθdφ as described in most radiative theory works.108

We now consider a more generalized case of an emitter that is tilted relative to the zenith.109

We assume that the emitter is rotated about the x-axis by an angle θe such that110
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ne ⋅ dΩ = [sin(θ) sin(φ) sin(θe) + cos(θ) cos(θe)] sin(θ)dθdφ (5)

= f(θe, θ, φ)dθdφ (6)

which reduces to the standard form in the limit of θe = 0.111

Equations 1, 3 and 4 are generalized forms of the radiative deficit, emitted and incom-112

ing radiation, respectively for a planar emitter. If, for example, the temperature of the113

atmosphere, temperature of all surrounding objects, the wavelength- and angle-dependent114

emitter, environmental and sky emissivity (including cloud distributions and temperatures)115

are known, we can solve these equations directly. However, in many circumstances, only a116

limited amount of meteo data are available such as the air temperature and relative humidity117

near the ground. In these circumstances, we can often make several simplifying assumptions118

without significantly changing the theoretical predictions.119

III. EMISSIVITY MODEL120

We break up the environmental emissivity parameter εenv into two main regions. For121

the solid angle of the emitter that is concerned with the downwelling radiation from the122

atmosphere we say that εenv = εatm. For simplicity, for all other solid angles, we will assume123

that the environmental emissivity is unity (an ideal blackbody). While there are numerous124

mathematical models to describe angle-dependent atmospheric emissivity [47], a simple and125

popular [2, 18] model of the atmospheric emissivity that incorporates cloud cover is given126

by127

εatm(λ, θ,W, c) = 1 − (1 − c)t(λ,W )1/ cos(θ) (7)

where t(λ,W ) is the transmission of the atmosphere at the zenith as a function of wavelength,128

c is the cloud cover which can vary between clear sky with c = 0 and completely covered129

with c = 1 and the PWV which can be estimated from the surface temperature and relative130

humidity. We can see that this emissivity model is an ideal blackbody minus the polar angle-131

dependent transmissivity. The angular dependence is a purely geometric term that accounts132

for the atmospheric thickness. We note that this cloud cover model is a time-averaged result133

with the assumption that the clouds are equally likely to be at any position in the sky.134
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We further note that this description of cloud cover is overly simplistic. Clouds can have a135

vast range of temperatures (-80 ○C to 30 ○C) dependent on height and opacity [48]. In the136

calculations that follow, we use the clear sky results c = 0.137

IV. PERFECT BLACKBODY IN AN ENVIRONMENT OF ISOTROPIC138

TEMPERATURE139

We now seek to solve the radiative deficit under the assumption that a planar emitter140

is a perfect blackbody, ε(λ, θ, φ) = 1, in an environment where the temperature is isotropic141

(the same in all directions relative to the emitter). With this assumption, Eq. 3 reduces to142

σT 4, where σ is the Stefan-Boltzmann constant.143

Eq. 4 is somewhat complicated. A general solution requires considering four integration144

regions, two to represent the atmospheric radiation and two to represent the non-atmospheric145

environmental radiation. The integration regions are shown in Fig. 1. There are four146

geometric surfaces of importance: the emitter plane, the zenith plane, the horizon plane and147

an obstacle cone. For the obstacle cone, we make the assumption that the non-atmospheric148

environment is a uniform temperature blackbody that extends an angle α above the horizon149

or with polar angle π/2 − α. Any radiation coming from the environment at a polar angle150

greater than that defined by the obstacle plane is considered to be from a perfect blackbody.151

Any flux beyond the azimuthal and polar angles set by the emitter plane produces no152

net radiative flux and is therefore not integrated. We can simplify our analysis by using the153

assumptions that the environment and the air are the same temperature and the environment154

is a perfect blackbody, namely155

pin = σT 4
env − ∫

∞

0
[A1(λ,W, θe, α) +A2(λ,W, θe, α)]IBB(λ,Tenv)dλ, (8)

where156

A1(λ,W, θe, α) = ∫
π

0
∫

π/2−α

0
f(θe, θ, φ)t(λ,W )1/ cos(θ)dθdφ (9)

and157

A2(λ,W, θe, α) = ∫
π

0
∫

θb(θe,α,φ)

0
f(θe, θ, φ)t(λ,W )1/ cos(θ)dθdφ (10)

represent the differential radiation terms due to the atmospheric transmission window. The158
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polar integration bound θb(θe, φ) on B2 is given by159

θb(θe, α, φ) =
⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

−π/2 + α, if α ≥ tan−1(tan(θe) sin(φ))
−π/2 + tan−1(tan(θe) sin(φ)), otherwise.

(11)

Essentially, we have considered the entire solid angle of incoming flux to be from a perfect160

blackbody and subtracted off the component of the solid angle of the atmosphere where161

this is not the case. The integration bound θb(θe, α, φ) defines the region set, either by the162

emitter plane geometry or the obstacle cone. During the integration process, θb(θe, α, φ)163

may switch between the two cases as the azimuthal angle is varied.164

One common measure of the radiative cooling power of a given system is the radiative165

deficit of the emitter at ambient temperature. A widely-used technique for finding the166

radiative deficit is to place a heater of known power on the side not facing the sky to167

maintain the ambient temperature of the emitter to compensate the radiative deficit [28].168

Under the assumptions then that the emitter, atmosphere and non-atmospheric environment169

are all the same temperature, the radiative deficit can then be written as170

pambientdeficit = ∫
∞

0
dλ[A1(λ,W, θe, α) +A2(λ,W, θe, α)]IBB(λ,Tenv). (12)

We will use this ambient-temperature standard throughout the paper. Once we know how t171

varies with relative humidity and temperature, we can then solve these integrals numerically.172

We develop a model to do this in the next section.173

V. ATMOSPHERIC TRANSMISSION VS PRECIPITABLE WATER VAPOR174

While water vapor is only a trace gas in the atmosphere, it has enormously significant175

effects on infrared atmospheric transmittance. In fact, the atmospheric transmittance in the176

region covering a wavelength range of approximately 8-13 µm is determined primarily by the177

water vapor content (and secondarily by the CO2 content) [15]. For determining radiative178

deficits, it is sufficient to know the real-time path-integrated zenith PWV to determine179

atmospheric transmission. PWV varies from place to place and in time. In situations where180

it is difficult to know either local or real-time PWV, we can make approximations based181

on exponential density vapor models if one knows the approximate local atmospheric water182
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FIG. 1. 3D model of the integration regions for an emitter.

vapor scale height.183

The effects of PWV on radiative cooling were first discussed by Bliss [15]. He considered184

infinite atmospheric slabs of same-pressure and same-temperature water vapor and CO2185

and their radiative effects on a horizontal plate. PWV’s importance in radiative cooling is186

well known [15, 43–45]. For example, an empirical and local PWV model based on relative187

humidity and temperature is described in [45], but that model can only be used in Boulder188

Colorado. Here we take a general approach. We follow a few step process. First, we calculate189

the saturation water vapor pressure Ps as a function of temperature T using Teten’s equation190

Ps(T ) = 610.78 ∗ exp( 17.27T

T + 237.3
) (13)

where T is in Celsius and Ps is in Pascal. We then calculate the saturation vapor density ρs191

from the ideal gas law192

ρs = PsM

R(T + 273.15) , (14)

where R, in MKS units, is the universal gas constant, M = 18.01528 g/mol is the molar mass193

of water, resulting in units of ρs in g/m3. The vapor density at a given relative humidity is194

then given by195

ρ0 = RH ∗ ρs. (15)

To a reasonable approximation, the atmospheric water vapor, as measured by its density,196
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falls off exponentially with height given by197

ρ(h) = ρ0 exp(−h/hSC) (16)

where hSC is the atmospheric water vapor scale height parameter in units of kilometers. The198

precipitable water vapor can then be found from integrating over the water vapor column199

height200

W = 10ρ0

ρlw
∫
∞

0
exp(−h/hSC)dh, (17)

where ρlw is the density of liquid water (1 g per cm3) and W is in units of centimeters201

(integrating from zero produces PWV from sea level, which should be adjusted for the202

height of the emitter). For an emitter at sea level, we arrive at the particularly simple203

solution of204

W = 10ρ0

ρlw
hSC . (18)

We describe a method for determining the local scale height using AERONET data and205

local meteo data in the Discussion section of the paper. Knowing W , one can then use206

this value to determine the atmospheric transmittance using the Modtran® atmospheric207

radiative transfer code [1]. We use the Mid-Latitude Summer model that predicts the zenith208

atmospheric transmittance for a given W (this is a standard option within the Modtran code209

for simulating typical midlatitude vertical profiles of atmospheric temperature, humidity,210

pressure, and trace gases [49]). After comparing radiative deficits from Modtran® data, we211

found that integrating between 8 and 13.5 microns with a Mid-Latitude Summer atmospheric212

transmittance of213

tML = −0.108

cm
W + 0.873, (19)

where tML is a unitless quantity and the coefficient in front of W in the equation is in inverse214

centimeters, gave reasonable agreement with the full Modtran® data-derived results. The215

use of a simple linear transmittance function such as Eq. 19 not only dramatically reduces216

computational overhead, but it does away with the need to download new transmission data217

sets for each PWV (i.e., each unique value of W ).218

With this background, we are now able to solve for the radiative deficit versus emitter tilt219

and local meteo data. Consider the ambient-temperature radiative deficit predictions shown220

in Fig. 2 subfigure (a). In this subfigure we have used the linear PWV model described221
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above to make predictions of the radiative deficit as a function of tilt for an emitter at 15C.222

The errors in the radiative deficits from using the linear model relative to the full Modtran®
223

transmittance data calculation are shown in subfigure (b). As can be seen, the linear model224

is a good approximation over a wide range of PWV. The linear PWV model parameters225

were chosen to minimize errors between 0○ and 30○ over a range of PWV. The errors in226

subfigure (b) may come somewhat as surprise in their behavior. This is a result of the227

highly nonlinear behavior of the atmospheric emissivity (see Eq. 7) and the fact that the228

transmission function can vary dramatically between between 8 and 13 microns (see Fig. 5).229

FIG. 2. Predicted ambient-temperature radiative deficits vs emitter tilt angle using (a) linear

approximation of the transmittance for various PWV and the obstacle view angle of α = 0. In

(b) the errors in the linear model against a full Modtran® data calculation are shown. These

calculated powers assume that the emitter is at ambient temperature of 15 ○C.

Now we consider the effects of having obstacles above the horizon plane. We make the230

simplifying assumptions that all obstacles arise above the horizon to the same angle α, are231

all the same temperature as the air, and are continuously uniformly distributed across the232

horizon. Fig. 3 shows the predicted ambient-temperature radiative deficits for a fixed PWV233

of 2 cm and ambient temperature of 15○ as α takes various values using the linear PWV234

model. One can see that the difference in the radiative deficit between 0○ and 15○ is quite235

small. This is due to the fact that there is much more path-integrated water along the236

horizon making it practically opaque (nearly an ideal blackbody) to the infrared. However,237

the cone angle becomes increasingly important.238239
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FIG. 3. Predictions of the radiative deficits accounting for obstacles of varying view angle α above

the horizon. α is varied between 0 and 45○ in increments of 15○ assuming a PWV of 2 cm. The

radiative deficit is shown for varying the angle of the emitter between 0 and 90○. The linear PWV

model was used for these calculations for an ambient temperature of 15○.

VI. DISCUSSION240

Unlike other gases in the atmosphere, the water vapor scale height is location-dependent.241

For example, the tropics have very large scale heights. The implication then is that while242

there may be high relative humidity needed for dew condensation, the atmosphere is more243

opaque to the longwave IR making radiative cooling less effective. The geography surround-244

ing the Mediterranean, for example, tends to have small scale heights, meaning there can245

be both high relative humidity and low PWV, making it a prime region for performing dew246

water harvesting.247

PWV measurements are collected by over 600 AERONET stations around the world.248

However, AERONET stations don’t measure temperature and humidity. Therefore a249

weather station close to an AERONET station is needed to determine the local scale250

height for PWV. Excluding drastic changes in geography, it is reasonable to assume that251

the scale height is roughly constant at locations within several tens of kilometers. Further,252

the variations in scale height tend to be much stronger North-South than East-West as can253

be seen in a global PWV map (e.g., such as is shown in Fig. 4, same altitude different254

integrated PWV).255

The calculations shown here all assumed cloud-free skies (c=0). If this assumption were256

relaxed to account for the presence of clouds, the result would be an increase in atmospheric257
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emissivity and a corresponding reduction of Earth-space radiation [48]. Eqn. 7 provides258

a simple method of accounting for this, using the cloud cover factor c that varies from 0259

(clear) to 1 (overcast). This simple model treats all clouds as blackbodies that uniformly260

and perfectly prevent Earth-space radiative transfer. A more complete treatment would261

account for spatial distributions of cloudiness and variable cloud emissivity. For example, a262

low-level liquid cloud at the zenith would have a much larger effect than a high-level ice cloud263

near the horizon. This is because the liquid cloud has a much higher radiative temperature264

and blocks the otherwise most effective Earth-space radiation path at the zenith, while the265

ice cloud has a lower radiative temperature and only blocks the near-horizon path where266

atmospheric transmission is already low (as indicated by the cosine factor in 7).267

FIG. 4. Global PWV map. Credit: NASA/JPL

Lastly, we discuss the errors that arise from our assumption that the temperature of the268

non-atmospheric region is the same as the air temperature. As noted earlier, by assuming269

that the air and non-atmospheric surroundings are at the same temperature, we were able270

to consider the net incoming flux as simply the differential between an ideal blackbody over271

the full 2π steradians and the transmissive component of the atmosphere. We used Eqn. 8272
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FIG. 5. Sample of wavelength-dependent Modtran® transmittance data for 1cm PWV.

FIG. 6. Curves show the radiative errors arising from the assumption that the air temperature and

environmental temperatures are the same. The curves are calculated for an air temperature of 15 ○C
and environmental temperatures are 10 ○C, 20 ○C and 25 ○C for α being 0○, and 15○. This shows that

for emitter tilt angles typically used in dew collection (≤ 30○) and above-horizon obstacles limited

to a few degrees above horizon, it is a small relative error to assume that the air temperature is

the same as the ground temperature even for relatively large temperature differentials. However,

significant errors can arise for large obstacle horizon angles and large temperature differentials.

Even at a temperature differential of 10 C○ and an emitter tilt of 30○, a relative error of 10% to

20% is possible.

in this situation. If the air is not the same temperature, we must calculate the incoming273

flux from the atmosphere and the non-atmospheric environment separately. We determine274

the ideal blackbody radiation coming from the solid angle that lies below the obstacle cone275
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impinging on the emitter from276

penv(T ) = (B1 +B2)∫
∞

0
IBB(λ,T )dλ, (20)

where277

B1 = ∫
π

0
∫
+π/2+tan−1(tan(θe) sin(φ))

π/2−α
f(θe, θ, φ)dθdφ (21)

and278

B2 = ∫
π

0
∫
−π/2+tan−1(tan(θe) sin(φ))

θb(θe,α,φ)
f(θe, θ, φ)dθdφ (22)

The radiative power errors, in our initial calcuations, arising from having a temperature279

differential are then given by280

Error = penv(Tenv) − penv(Tair). (23)

Consider the results in Fig. 6. The figure assumes that the environmental radiation is281

still has a uniform, but different temperature from the air. The figure shows the curves for282

the environment being -5 ○C, 5 ○C or 10 ○C hotter than the air (assumed to be 15 ○C) for α of283

0○ and 15○. Comparing Fig. 2 and Fig. 6 at large tilt angles, the relative error can actually284

produce net positive heating rather than cooling. Owing to the predominant use of emitters285

at or below angles of 30○, and often in environments with minimal above-horizon obstacles,286

this figure shows that the assumption that the environment is the same temperature as the287

air is reasonable, which greatly simplifies the necessary predictive meteo data. However, it288

does prescribe the need for careful attention to the surroundings when performing radiative289

cooling. We also see that when the non-atmospheric environment is colder than the air,290

for example from radiative cooling, it can enhance, as perhaps expected, the cooling of the291

system. In this case, the radiative error can actually improve the net radiative deficit shown292

in Fig. 2. This is one of the reasons why emitters that face each other, or have conical293

geometries, can actually slightly increase yield.294

VII. CONCLUSION295

In this paper, we have derived a clear sky, radiative theory that accounts for planar emitter296

tilt, precipitable water vapor and near-horizon obstacles and formulated an extension of the297
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theory to non-zero cloud cover. We are able to make estimates of the radiative cooling298

power and thus dew yield given the surface temperature, relative humidity and atmospheric299

water vapor scale height. This is an important and necessary improvement of the former300

theories elaborated for horizontal radiative surfaces. We have shown that the error made301

in assuming the subhorizon temperature equal to air temperature is of the order of a few302

percent for tilt angles lower than 30°. We believe that a tilt-dependent emitter radiative303

theory will be beneficial to the understanding of dew collection.304
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chile,” Journal of Water Supply: Research and Technology - Aqua 67, 357–374 (2018).405

[42] Girja Sharan, Anil Kumar Roy, Laurent Royon, Anne Mongruel, and Daniel Beysens, “Dew406

plant for bottling water,” Journal of Cleaner Production 155, 83–92 (2017).407

[43] CG Granqvist and A Hjortsberg, “Radiative cooling to low temperatures: General consid-408

erations and application to selectively emitting sio films,” Journal of Applied Physics 52,409

4205–4220 (1981).410

[44] Paul Berdahl and Richard Fromberg, “The thermal radiance of clear skies,” Solar Energy 29,411

299–314 (1982).412

[45] Dongliang Zhao, Ablimit Aili, Yao Zhai, Jiatao Lu, Dillon Kidd, Gang Tan, Xiaobo Yin,413

and Ronggui Yang, “Subambient cooling of water: Toward real-world applications of daytime414

radiative cooling,” Joule 3, 111–123 (2019).415



18

[46] D. Beysens, “Estimating dew yield worldwide from a few meteo data,” Atmospheric Research416

167, 146 – 155 (2016).417

[47] Cossi Norbert Awanou, “Clear sky emissivity as a function of the zenith direction,” Renewable418

Energy 13, 227–248 (1998).419

[48] Joseph A Shaw and Paul W Nugent, “Physics principles in radiometric infrared imaging of420

clouds in the atmosphere,” European Journal of Physics 34, S111 (2013).421

[49] G. P. Anderson, S. A. Clough, F. X. Kneizys, J. H. Chetwynd, and E. P. Shettle, AFGL422

atmospheric constituent profiles (0 - 120 km), Tech. Rep. (1986).423


	Copy of IR Scholarworks PDF Cover Page.pdf
	Generalization_of_radiative_cooling_for_dew_collection-11.pdf



