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Introduction AWE-GEN-2d (Advanced WEather GENerator for 2-Dimension grid) is

the 2-d version of the AWE-GEN model [Fatichi et al., 2011]. It follows the philosophy

of combining physical and stochastic approaches to simulate weather variables at high

spatial and temporal resolution (i.e. gridded simulation). Here we present the technical

structure of AWE-GEN-2d, which is a combination and evolution of four preceding models:

(i) AWE-GEN model [Fatichi et al., 2011]; (ii) STREAP model [Paschalis et al., 2013];

(iii) HiReS-WG [Peleg and Morin, 2014]; and (iv) WINDS model [Burlando et al., 2007].

The simulated variables are: precipitation, cloud cover and advection (i.e. wind direc-

tion and velocity above the PBL) at temporal scale of minutes, and shortwave radiation,

near-surface air temperature, vapor pressure, near-surface wind speed, relative humidity

and atmospheric pressure at hourly temporal scale. The spatial resolution of the vari-

ables that are generated by the model ranges from a few meters to a few kilometres. The

mathematical formulation to compute climate variables is given in the following sections.
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1. Precipitation and Cloud Cover

The space-time stochastic precipitation module that is used in AWE-GEN-2d is based

on STREAP model [Paschalis et al., 2013]. It includes three stages: (i) storm arrival

process (Section 1.1); (ii) process describing the within-storm temporal evolution of areal

precipitation statistics (Section 1.2); and (iii) process describing the temporal evolution

of the two-dimensional storm structure (Section 1.3).

The original STREAP scheme is modified in order to cross-correlate the cloud field with

the rainfall field. This requires replacing the bi-variate process, that coupled the mean

areal statistics of the wet area ratio (WAR) and the mean areal rainfall intensity (IMF),

with a tri-variate process (Section 1.2.1), to also include the cloud area ratio (CAR). Dur-

ing an inter-storm period, the CAR is evolving following an autoregressive process (Section

1.4) while also considering the distance from the preceding and subsequent storms.

1.1. Storm Arrival Process

The storm arrival process uses an alternating renewal process. The dry and wet spell

durations are sampled from specific probability distributions and are mutually indepen-

dent. The selection of the probability distributions has no physical meaning and is simply

based on a good fit to the data.

Three probability distributions are fitted to the data on a monthly basis: a Generalized

Pareto distribution GP (κ, σ, θ) [e.g. Embrechts et al., 1997]; a Lognormal distribution

LN(µ, σ) [e.g. Papoulis and Unnikrishna, 2002]; and a Johnson distribution J(γ, δ, µ, σ)

[Johnson, 1949]. The probability distribution that best represent the dry and wet period
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distribution for each month is selected using a maximum likelihood estimation method

(based on Akaike and Bayesian information criterion).

1.2. Temporal Evolution of Mean Areal Statistics

Three variables describe the development of the storm characteristics over the entire

domain: (i) the wet area fraction (WAR); (ii) the mean areal rainfall intensity (IMF); and

(iii) the cloud area fraction (CAR). The WAR and CAR fractions are bounded to 0–1,

where 0 signifies no rain or clear sky conditions and 1 is used to describe rainfall over the

entire domain or complete overcast conditions, respectively. The three variables are auto–

and cross–correlated.

1.2.1. The Tri-variate WAR-IMF-CAR Process

The three variables are simulated as a probability transformation of the Gaussian pro-

cesses WARg, IMFg and CARg. For each storm, we define the tri-variate processes

WARg ∼ N(µW , σW ), IMFg ∼ N(µI , σI) and CARg ∼ N(µC , σC) as a Gaussian stochas-

tic processes with a covariance function belonging to the Whittle-Matérn class, following

the Parsimonious Multivariate Matérn Model presented by Gneiting [2010].

The autocovariance functions of each process are defined as:

RW (h) = σ2
WM(h|νW , αW ) (1)

RI(h) = σ2
IM(h|νI , αI) (2)

RC(h) = σ2
CM(h|νC , αC) (3)

and the cross-covariance functions are defined as:

RWI(h) = RIW (h) = ρWIσWσIM(h|νWI , αWI) (4)

RWC(h) = RCW (h) = ρWCσWσCM(h|νWC , αWC) (5)
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RCI(h) = RIC(h) = ρCIσCσIM(h|νCI , αCI) (6)

where the subscripts W , I and C refer to the WARg, IMFg and CARg processes re-

spectively, ρWI , ρWC , ρCI are the cross-correlation coefficients, h is the lag time for a

temporal stochastic process, σW , σI and σC are the standard deviations of WARg, IMFg

and CARg, and M(h|ν, α) a is defined as:

M(h|ν, α) =
21−ν

Γ(ν)
(α|h|)νKν(α|h|) (7)

where Kν(α|h|) is the modified Bessel function of the second kind. The tri-variate process

is stationary and thus the covariances are only dependent on the lag h and on the param-

eters of the covariance function. We also assume that there is a common scale parameter,

in that there exists an α > 0 such that α = αI = αC = αW = αIW = αIC = αWC

[Gneiting , 2010]. We further assume that the auto– cross–correlation ρWI , ρWC , ρCI of

the WARg − IMFg − CARg process are unique for all the storms on a monthly basis.

The parameters µW , µI , µC , σW , σI , σC that define the mean values and the standard

deviations of the WARg−IMFg−CARg process are correlated to each other and also with

the storm duration Tstorm. The relationships among the seven parameters are modelled

with a multidimensional copula. The marginals of µW , µI , µC , σW , σI , σC are approximated

as Gaussian and Tstorm follows the Generalized Pareto, Lognormal or Johnson distribution

as explained in Section 1.1. A copula function for n random variables X1;X2; ...;Xn can

be defined as:

C(u1, u2, ..., un) = P [U1 < u1, U2 < u2, ..., Un < un] (8)
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where U = F (X) is the cumulative distribution function. We used the parametric form

of the multivariate T-copula with parameters Pc, νc [e.g. Demarta and McNeil , 2007].

Finally, WARg(t), IMFg(t) and CARg(t) are transformed to WAR(t), IMF (t) and

CAR(t), respectively, according to a distribution anamorphosis scheme [Schleiss et al.,

2012] which is defined as:

WAR(t) = F−1 [U(WARg(t))] (9)

IMF (t) = F−1 [U(IMFg(t))] (10)

CAR(t) = F−1 [U(CARg(t))] (11)

where U is the quantile function and F−1 is the inverse cumulative probability distribution

function which demands for a definition of the marginal distributions of WAR, IMF and

CAR.

1.2.2. Calibrating the Tri-variate WAR-IMF-CAR Process

The calibration of the tri-variate process WARg − IMFg − CARg process has several

components. First the parameters of the Whittle-Matérn function have to be estimated.

The estimated sequences of WAR(t) − IMF (t) − CAR(t) derived from the observation

are normalized where U is the quantile function:

WARg(t) = N−1(U(WAR(t)), 0, 1) (12)

IMFg(t) = N−1(U(IMF (t)), 0, 1) (13)

CARg(t) = N−1(U(CAR(t)), 0, 1) (14)

where U is the quantile function and N−1 is Gaussian inverse cumulative probability

distribution function.
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Then, the sample autocorrelation and cross correlations are estimated and, finally, the

parameter estimation is conducted by constrained least squares fitting of the theoretical

parametric functions. The constraint arises from the restriction that the covariance has to

be positively defined [Gneiting , 2010]. This step results in the estimation of the parameters

α, νW , νI , νC , νWI , νWC , νCI , ρWI , ρWC and ρCI .

In order to obtain the mean values and standard deviations of the Gaussian pro-

cesses WARg(t) − IMFg(t) − CARg(t) for each storm, the parameters of the cop-

ula have to be estimated. This is done by calculating from each storm the mean

values and standard deviations of the normalized sequences of WAR, IMF and

CAR (µW , µI , µC , σW , σI , σC .). These values are then used in the fitting of the

seven-dimensional copula using approximate maximum likelihood for the quantities

U(µW ), U(µI), U(µC), U(σW ), U(σI), U(σC), U(Tstorm). The fitting to the marginals of

µW , µI , µC , σW , σI , σC , Tstorm is done by maximizing their respective likelihood functions.

This procedure leads to the estimation of the parameters ρc, νc of the T-copula.

Several probability distributions can be used for WAR(t), IMF (t) and CAR(t) time

series, and one is chosen using a maximum likelihood estimation method on a monthly

basis. The following distributions are considered:

1. WAR(t) - BetaB(α, β) [e.g. Papoulis and Unnikrishna, 2002], Lognormal or Johnson

distributions.

2. IMF (t) - Gamma G(α, β) [e.g. Richardson, 1981], Generalized Pareto, Mixed Ex-

ponential ME(α, µ1, µ2) [e.g. Wilks , 1999], Lognormal, Hybrid Gamma and Generalized

Pareto HGGP (α, β, κ, θ) [e.g. Furrer and Katz , 2008] or Mixture Model of Gamma and

Generalized Pareto MGGP (W,α, β, κ, σ) [e.g. Vrac and Naveau, 2007] distributions.
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3. CAR(t) - Lognormal, Normal, Weibull W (β, α) [e.g. Morgan et al., 2011] or Johnson

distributions.

For each of the variables, the distribution which best fit the data (following the Akaike

information criterion) for each month is chosen.

1.2.3. Modelling of the Tri-variate WAR-IMF-CAR Process

The Gaussian tri-variate process WARg − IMFg −CARg is modelled in the frequency

domain, taking advantage of the fast computation algorithms of the Fast Fourier Trans-

form (FFT) method [see Chambers , 1995, for further details on the procedure]. The only

requirement is the derivation of the spectral and cross-spectral densities corresponding to

the Whittle-Matérn covariance. The spectral densities are the Fourier transforms of the

covariance functions and thus [Chorti and Hristopulos , 2008]:

S(k) = F [cM(h|ν, α)] = c
Γ(ν + 1

2
)α2ν

Γ(ν)π
1
2

1

(α2 + k2)ν+ 1
2

(15)

where c ∈ <, k is the wave number and F [.] is the one dimensional Fourier transform.

The algorithm used to simulate the WARg − IMFg − CARg is as follows:

1. For each storm, the spectral and cross-spectral densities are estimated according to

Equation 15. The spectral densities are estimated for:

WARg : F [cM(h|νW , α)] and c = f(σ2
W )

IMFg : F [cM(h|νI , α)] and c = f(σ2
I )

CARg : F [cM(h|νC , α)] and c = f(σ2
C)

and the cross-spectral densities are estimated for:

WARg − IMFg : F [cM(h|νWI , α)] and c = f(σW , σI , ρWI)
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WARg − CARg : F [cM(h|νWC , α)] and c = f(σW , σC , ρWC)

CARg − IMFg : F [cM(h|νCI , α)] and c = f(σC , σI , ρCI)

2. The Fourier coefficients of WARg− IMFg−CARg are generated [Chambers , 1995].

3. WARg − IMFg − CARg are obtained by taking the inverse Fourier transform of

these coefficients.

1.3. Spatio-temporal Evolution of the Storm Structure

The simulated WAR(t) and IMF (t) time series for each storm are translated into the

space-time evolution of the precipitation fields.

1.3.1. Spatial Precipitation Fields

Precipitation fields in space are modelled as latent Gaussian fields [Paschalis et al.,

2013]. The Gaussian field, G(x, y), is defined as an isotropic, stationary, two-dimensional

normally distributed ∼ N(0, 1) random field with spatial autocorrelation function

ρg [(x, y), (x+ sx, y + sy)]. Since G(x, y) is assumed to be wide sense stationary and

isotropic, then the autocorrelation depends only on the distance s =
√
s2
x + s2

y. The

simplest one-parameter exponential autocorrelation function is adopted here similarly to

Bell [1987]. Its parametric form is:

ρg(s) = exp(− s

αg
) (16)

where αg is the correlation length. A direct estimation of the spatial autocorrelation

function can be highly problematic due to typical data quality (e.g. clutter contamination

of weather radar data). Therefore, a tool to estimate the rainfall spatial autocorrelation

function is not supplied with AWE-GEN-2d model. Examples of the calibration of the
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spatial precipitation fields are given by Gutnisky and Josić [2010], Paschalis et al. [2013]

and Peleg and Morin [2014].

1.3.2. Temporal Evolution of the Precipitation Fields

The spatial precipitation fields are correlated in time by assuming an autoregressive

moving average ARMA(p,q) representation for the Gaussian fields.

G(x, y, t) =
p∑
i=1

φpiG(x, y, t− i) +
q∑
j=1

θpj ε
p(x, y, t− j) + εp(x, y, t) (17)

where noise term εp(x, y) is a Gaussian two dimensional random field with the same spatial

autocorrelation as G(x, y, t). The variance of the noise term is estimated from the unit

variance restriction of the field G(x, y, t) [Box and Jekins , 1970].

The temporal evolution of the field refers to the Lagrangian system of coordinates. The

parameters of the ARMA model are held constant for the entire simulation period (i.e.

seasonality is not considered), due to the strong uncertainties involved in their estimation.

Calibrating the temporal evolution of the precipitation fields in the Lagrangian coordi-

nates (i.e. the parameters of the ARMA model) is a difficult and uncertain task. Pegram

and Clothier [2001] for example did not provide a calibration algorithm for this stage and

used a “trial and error” procedure to find a parameter set suitable for their data. The

calibration procedure in AWE-GEN-2d follows Paschalis et al. [2013]. They proposed

to estimate the average autocorrelation function of the normalized precipitation fields in

time in Lagrangian coordinates and use a constrained least squares fitting procedure of

the theoretical autocorrelation function of the ARMA process to the data.

1.3.3. Modeling of the 2-D Gaussian Fields
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The two-dimensional fields are simulated by two-dimensional FFT method [Lang and

Potthoff , 2011]. G is defined as:

G(x, y) = (F−1S1/2FZ)(x, y). x, y ∈ < (18)

where S is the two-dimensional power spectrum, Z is a two-dimensional Gaussian noise

and F−1 is the inverse Fourier transform. In order to simulate Gaussian random fields

with an exponential decay of the autocorrelation, the 2-D spectrum S(kx, ky) has to be

calculated:

S(kx, ky) = F
[
σ2 exp

(
−|(sx, sy)|

αg

)]
, kx, ky, sx, sy ∈ < (19)

where σ2 is the variance of the Gaussian field G(x, y), which in this case σ2 = 1. Since the

autocovariance function is symmetric, the two-dimensional Fourier transform of Equation

19 can be reduced to the one-dimensional Hankel transform [Bracewell , 2000]:

S(|k|) = 2π

∞∫
0

σ2 exp

(
− s

αg

)
J0(2π|k|s)s , ds = σ2

2π 1
αg(

4π2|k|2 + ( 1
αg

)2
) 3

2

(20)

where kx, ky are the wave numbers for the two spatial dimensions, |k| =
√
k2
x + k2

y and J0

is the Bessel function of the first kind of zero order.

ARMA representation of the Gaussian field as determined in Equation 17 can be ex-

pressed with an equivalent ARMA representation of the Fourier coefficients of the Gaus-

sian random field for each time step t, WG = FZ(kx, ky, t) as:
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FZ(kx, ky, t) = WG(kx, ky, t) =
p∑
i=1

φiWG(kx, ky, t− i) +
q∑
j=1

θjεW (kx, ky, t− j) + εW (kx, ky, t)

(21)

where εW (kx, ky, t) is an uncorrelated hermitian white noise Gaussian complex random

field. This relationship gives the way of simulating the space-time Gaussian fields directly

in Lagrangian coordinates.

The generated fields, due to the symmetries of the fast Fourier transform, can be folded.

This allows a continuity of the precipitation intensities between the field boundaries (see

Fig S1). This property can be exploited to simulate advection of the fields in the Eu-

lerian coordinate system (see example in Fig S1), allowing the spatial structure of the

precipitation fields to be preserved. In order to avoid artifacts due to field symmetries,

precipitation fields are simulated for a larger spatial extent and then use only the central

area of the simulations as model output.

1.3.4. Non-Homogeneous Probability of Precipitation Occurrence

In STREAP model, the probability of precipitation occurrence is equal everywhere in

the domain. Paschalis [2013] suggested a simple parametrization in order to include

non-homogeneity in STREAP model, based on modifying appropriately the simulated

Gaussian fields by adding a filter field. In AWE-GEN-2d we follow this concept suggested

by Paschalis [2013] and we modify the Gaussian field.

The probability of precipitation occurrence over the domain is corrected by a normalized

precipitation occurrence field, Rp(x, y). An effective WAR is then defined for each grid

point in the domain x, y and for each time t as:
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WAR∗(x, y, t) = WAR(t)Rp(x, y) (22)

WAR∗(x, y, t) must not exceed 1 for each grid point and for each time, thus:

WAR∗(x, y, t) =


WAR∗(x, y, t) ,if max (WAR∗(x, y, t)) ≤ 1

1 ,if max (WAR∗(x, y, t)) > 1
(23)

For every time t, if the second condition applies, an iterative process is initialized, where

the grid cell of WAR∗(x, y, t) which is closest to value 1 is set to 1 until the condition

∑
WAR(t)Rp(x, y) =

∑
WAR∗(x, y, t) is satisfied.

Then, the precipitation occurrence for each time t (i.e. non-zero value) for the simulated

Gaussian field, G(x, y, t), is defined as:

U [G∗(x, y, t)] =


0 ,for U [G(x, y, t)] < 1−WAR∗(x, y, t)

U [G(x, y, t)] ,for U [G(x, y, t)] ≥ 1−WAR∗(x, y, t)
(24)

where U [G(x, y, t)] are the quantile fields of G(x, y, t) and G∗(x, y, t) are the Gaussian

fields after the correction to account for lack of homogeneity.

The Gaussian field is then re-scaled between 0 and 1 for the non-zero quantiles:

U [G∗(x, y, t)] =


0 ,for U [G∗(x, y, t)] = 0

U [G∗(x,y,t)]−min(U [G∗(x,y,t)])
1−min(U [G∗(x,y,t)])

,for U [G∗(x, y, t)] > 0
(25)

The normalized precipitation occurrence field, Rp(x, y), is estimated on a monthly basis,

using the same temporal resolution of the simulated fields or coarser if not available at

the same resolution. It should be noted that the auto-covariance function of G(x, y, t)

after the correction is applied is not equal to the original G(x, y, t) simulated field. The
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typical error is within 1 to 5% (for domains in the order of 25 x 25 km2 with grid cells of

2 x 2 km) and therefore negligible.

1.3.5. Modelling the Intermittent Precipitation Fields

The intermittent precipitation fields can be expressed as:

R(x, y, t) = LN−1 (U [G∗(x, y, t)], µr, σr) (26)

where R(x, y, t) [mmh−1] is the rainfall intensity in space and time, LN−1 is the inverse

cumulative Lognormal distribution, and µr, σr are the parameters of the Lognormal dis-

tribution.

The coefficient of variation of the spatially distributed rainfall, CVr, is only dependent

on the month and is the same for all storms. The estimation of the parameters of the

Lognormal distribution µr, σr needed for Equation 26 is achieved by solving the system

of equations for the first and second-order moments of the Lognormal distribution:

µr = log

 IMF (t)

WAR(t)
√
CV 2

r + 1

 (27)

σr =
√

log(CV 2
r + 1) (28)

The autocorrelation of the transformed fields R(x, y) is different from the Gaussian

case G(x, y). The autocorrelation of the transformed fields does not have an analytical

expression and can only be approximated numerically [e.g. Guillot , 1999].

1.3.6. Non-homogeneous Spatial Precipitation Intensity

In case the statistics of the precipitation intensity for each grid point are known, the

intermittent precipitation fields can be expressed as:
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R(x, y, t) = GP−1 (U [G∗(x, y, t)], κo(x, y,m), σo(x, y,m), θo(x, y,m)) (29)

where GP−1 is the inverse cumulative Generalized Pareto distribution and κo, σo and

θo are the observed parameters of the Generalized Pareto distribution for each grid point

(x, y) and for each season (month) m. Equation 29 in this case is used instead of Equation

26.

In case the statistics of the precipitation intensity for each grid point are known only at

a coarser time resolution than the one simulated, e.g. rain fields are simulated for 5-min

resolution while observed statistics are available at the daily resolution, a correction for

the rainfall intensity R(x, y, t) derived using Equation 26 can be apply by setting:

Qr(x, y, t
∗) = GP (R(x, y, t∗), κs(x, y,m), σs(x, y,m), θs(x, y,m)) (30)

Ri(x, y, t
∗) = GP−1 (Qr(x, y, t

∗), κo(x, y,m), σo(x, y,m), θo(x, y,m)) (31)

Rf (x, y, t
∗) =

Ri(x, y, t
∗)

R(x, y, t∗)
(32)

where R(x, y, t∗) is the simulated rainfall intensity accumulated to the coarser (observed)

time resolution t∗. The terms κs, σs and θs are the simulated parameters of the Generalized

Pareto distribution for each grid point (x, y) and for each season (month) m calculated

from a simulated ensemble of precipitation fields, Qr(x, y, t
∗), and the percentiles of the

simulated rainfall obtained applying the GP distribution. Rf (x, y, t
∗) is the rainfall cor-

rection factor. The correction factor is applied on each grid point (x, y) and for each time

t. If the simulation is in 5-min time resolution and the observed data is in daily resolution,

the rainfall for each grid point is summed to daily resolution in order to find the daily
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correction factor Rf , and then the correction factor is applied for all 5-min time steps

that are included in the daily block.

Note that the spatial autocorrelation is not affected by applying the non-homogeneous

spatial precipitation intensity filter in contrast to the case of the filter for non-homogeneous

probability of precipitation occurrence (Section 1.3.4), as the rainfall intensity strictly

follows the quantile of the Gaussian field.

1.4. Temporal Evolution of the Cloud Cover during Inter-Storm Periods

During storms the cloudiness and rainfall are simulated together, as explained above

(Section 1.2.3). During an inter-storm period, the existence of a “fair weather” region is

assumed [Ivanov et al., 2007]. In general, during an inter-storm period, the cloudiness

decreases as a function of the time passes since the end of the previous storm and increases

toward the beginning of the next storm. The mean CAR is a function of the distance

from a storm µcin(tin) (in time) and is described using a two terms exponential function:

µcin(tin) = ain · ebin·tin + cin · edin·tin (33)

where tin is the distance from a storm (in time) and ain, bin, cin and din are the exponential

coefficients of the function. The standard deviation of the CAR during an inter-storm

period, σcin, is consider to be constant.

The stochastic component of the cloud cover series during inter-storm period is simu-

lated through an autoregressive moving average (ARMA) model [e.g. Box et al., 2008].

An ARMA(p, q) model predicts the next value of a time series for the CAR as a function

of both previous observations and a random term:
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yt = cc + φc1yt−1 + ...+ φcpyt−p + εct + θc1ε
c
t−1 + ...+ θcqε

c
t−q (34)

where yt is the vector of the normalized CAR time series variables at time t, cc is a constant

offset allowing of a non-zero mean, φc1...p are autoregressive coefficients for each order, θc1...q

are moving average coefficients for each order, and εct is an uncorrelated random process

with mean zero. Stationarity (a stable AR polynomial) and invertibility (an invertible

MA polynomial) constraints are imposed during the model estimation [for further details

see Box et al., 2008].

Two steps are required for the calibration of the temporal evolution of the CAR during

inter-storm periods: µcin(tin) and σcin are first estimated from the observed CAR(t) time

series; and ARMA(p, q) parameters are estimated using maximum likelihood method for

the normalized CAR(t) time series (CAR(t)−µcin(tin)
σcin

). The model is fitted on a monthly

basis to preserve the seasonality of the statistics.

1.5. Modelling the Cloud Cover Fields

The cloud cover time series, CAR(t) is simulated for the intra– and inter–storm periods

(Sections 1.2.3 and 1.4, respectively). We assume that the spatial structure of the cloud

cover follows the spatial structure of precipitation. Therefore, we use the same Gaussian

fields that are generated for the precipitation simulation, G(x, y, t), for the generation of

the cloud fields. The non-homogeneous correction of the Gaussian fields (Section 1.3.4)

are applied to the CAR(t) instead of the WAR time series:

CAR∗(x, y, t) = CAR(t)Rp(x, y) (35)

CAR∗(x, y, t) =


CAR∗(x, y, t) ,if max (CAR∗(x, y, t)) ≤ 1

1 ,if max (CAR∗(x, y, t)) > 1
(36)
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As in Section 1.3.4, an iterative process is conducted if the second condition applies.

Finally, the cloud cover fields, C(x, y, t) are defined:

C(x, y, t) =


0 ,for U [G(x, y, t)] < 1− CAR∗(x, y, t)

1 ,for U [G(x, y, t)] ≥ 1− CAR∗(x, y, t)
(37)

where C(x, y, t) is a Boolean value of cloud or no-cloud (1 or 0, respectively) for any given

grid point along the domain and for any given time.

2. Advection

The precipitation and cloud fields are advected following a speed and direction vector for

every time step. The advection speed and direction are converted into a two-component

vector in the Cartesian system of coordinates, Ua and Va, where a positive Ua wind is

from the west and a positive v wind is from the south. The stochastic component of

the advection series is simulated through a bi-variate vector autoregressive (VAR) model

[e.g. Lütkepohl , 2005; Neumaier and Schneider , 2001; Schneider and Neumaier , 2001],

which permits accounting for the temporal correlation structure between the Ua and Va

components.

A V AR(p) model predicts the next value of a time series for the Ua and Va components

as a linear combination of the p previous values:

Yt = A0 +
p∑
i=1

Aiyt−1 + εt (38)

where Yt are vectors of the Ua and Va time series variables at time t, A0 is a constant

vector of offsets (allowing of non-zero mean), Ai are autoregressive coefficient matrices for
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each i, εt are bi-variate normal random vectors with mean equal to zero and covariance

matrix Q. For the u− v bi-variate process:

Yt =

[
Yu(t)
Yv(t)

]
, A0 =

[
A0
u

A0
v

]
, Ai =

[
Aiuu Aiuv
Aivu Aivv

]
, εt =

[
εu(t)
εv(t)

]
(39)

the stability of the V AR(p) model and its conditions are discussed by Lütkepohl [2005].

The advection of the precipitation fields can be extracted from weather radar data using

tracking algorithms [e.g. Kyznarov and Novk , 2009; Li et al., 1995; Peleg and Morin,

2012]. Alternatively, advection can be assumed to follow the geostrophic wind or the

wind at a specific reference level, e.g. wind at 500 hPa. The parameters of the V AR(p)

model are estimated using the maximum likelihood estimation method. The time series

of yu(t)− yv(t) are derived by normalizing the observations:

yu(t) = N−1(U(u(t)), 0, 1) (40)

yv(t) = N−1(U(v(t)), 0, 1) (41)

where u(t) and v(t) are the observed Ua and Va time series, which are transformed using a

Normal distribution, which parameters are also estimated. The advection is analysed on

a monthly basis to preserve the seasonality statistics and the analysis is preformed both

for the wet periods (weather radar data and reanalysis data can be used) and for the dry

periods (only reanalysis data can be used).

3. Near-Surface Air Temperature

The air temperature at ground level T (x, y, t) [◦C] is simulated following a mix of

physically based and stochastic approaches [as in Fatichi et al., 2011]. The air temperature

is generated at a sub-daily (hourly) resolution for a given reference level (e.g. mean sea



20 PELEG ET AL.: AWE-GEN-2D TECH. REF.

level). Then it is spatially extrapolated for all grid points using elevation–dependent lapse

rates, which are also generated at a sub-daily resolution. Thermal inversion in the steep

valleys is also considered for specific cases during clear nights.

3.1. Generating Air Temperature at Reference Level

The generation of air temperature at a given reference level, Tr(t) [◦C], is simulated

as the sum of a stochastic component, dTr(t) [◦C], and a deterministic component, T̃r(t)

[◦C]:

Tr(t) = T̃r(t) + dTr(t) (42)

The deterministic temperature component, T̃r(t), is assumed to be directly related to the

underlying physical processes such as the divergence of radiative and turbulent heat fluxes.

More specifically the deterministic time–gradient of temperature, dT̃r(t)/dt, is a function

of the air temperature itself and of the incoming long-wave radiation. It is further related

through two functions to the Sun hourly position and site geographic location [Curtis

and Eagleson, 1982; Fatichi et al., 2011; Ivanov et al., 2007]. Thus the deterministic

component, T̃r(t), is expressed as follows:

dT̃r(t)

dt
= b0 − b1T̃r(t) + b2K(t)s(t) + b3K(t)r(t) + b4q(t) (43)

where bi (i = 0, 1, . . . , 4) are the five regression coefficients of the model, q(t) = Latm/1000

[W m−2] is a scaled incoming long-wave radiation, Latm [W m−2], and K(t) = 1−0.75N3.4

[−] is a cloud attenuation factor defined by Kasten and Czeplak [1980]. The longwave

radiation Latm [W m−2] is modeled using the air temperature:

Latm = KN(N)σT 4
r (44)
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where Tr [K] is the air temperature, σ = 5.670410−8 [W m−2 K−4] is the Stefan-

Boltzmann constant; and KN(N) = 1 + 0.17N2 is a correction for the cloudiness N

[−] [TVA, 1972]. The terms r(t) [−] and s(t) [−] are functions of the solar height, hS

[rad], defined by Curtis and Eagleson [1982]:

s(t) =


sin(δ) sin(Φ)− cos(δ) cos(Φ) cos(πt

12
) ,for TH rise ≤ t ≤ TH set

0 ,otherwise
(45)

r(t) =


ds(t)
dt

= π
12

cos(δ) cos(Φ) sin(πt
12

) ,for TH rise ≤ t ≤ 12

0 ,otherwise
(46)

where t is the local hour, δ [rad] is the solar declination, Φ [rad] is the local latitude,

TH rise [local hour] is the local time of sunrise and TH set [local hour] is the local time of

sunset. For details on the calculation of these quantities see the Section 3.1.1. The factors

r(t), s(t), and q(t) are subjected to modification daily and seasonally and they explain

the deterministic variation of air temperature. The differential equation, dT̃r(t)/dt =

f(T̃r(t), s(t), r(t), q(t), K(t)), is solved each day to compute the deterministic cycle of air

temperature T̃r(t) once the initial value of deterministic temperature T̃r(t−1) is provided.

Curtis and Eagleson [1982] provide a solution method of equation (43) summarized in

Section 3.1.2.

The stochastic temperature component, dTr(t) = Tr(t) − T̃r(t), is estimated through

an autoregressive model AR(1). At the hourly scale, the random deviate of temperature

exhibits a significant dependence on the hour of the day. Differences are noticeable in the

statistics of dTr(t) for different phases of the day: morning, midday, afternoon, evening,

and night. Consequently, the average of the stochastic component dTrh, and its standard

deviation σdTr,h are estimated differently for each hour of the day h ∈ [0, . . . , 23].
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dTr(t) = dTrh + ρdTr(dTr(t− 1)− dTrh) + ε(t)σdTr,h
√

(1− ρ2
dTr

) (47)

where ε(t) are the standard normal deviate, ρdTr is the lag-1 autocorrelation of the process.

The average, dTrh, and the standard deviation, σdTr,h, of dTr(t) depend on the hour of

the day.

The coefficients and the parameters used to estimate the deterministic and stochastic

components are evaluated at the monthly scale. The procedure for the estimation of

the temperature coefficients is describe in Section 3.1.3. Once the regression coefficients

of the deterministic component are determined, the parameter: dTrh, σdTr,h, and ρdTr

are estimated from dTr(t) using conventional techniques. A constrain on ρdTr < 0.96 is

required to avoid numerical instability. Otherwise, it has been observed that combinations

of random numbers might lead to unrealistic values of temperature.

3.1.1. Defining the Sun Variables

Several variables are introduced that define the Sun position with respect to a location

on Earth. The declination of the Sun, δ [rad], i.e. the angular distance between the

celestial equator plane and the Sun, measured from the former (and positive when the

Sun lies north of the equator) and along the hour circle [Eagleson, 2002] is defined as:

δ =
23.45π

180
cos

[
2π

365
(172−DOY )

]
(48)

where DOY is the day of the year. The angular distance between the planes of the

meridian and the Sun hour circle [Eagleson, 2002] is known as the hour angle of the Sun,

τS(t) [rad]:
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τS(t) =


15π
180

(t+ 12−∆tSL) ,if t < 12 + ∆tSL

15π
180

(t− 12−∆tSL) ,if t > 12 + ∆tSL

(49)

where t [h] is the standard time in the time zone of the observer counted from midnight

and ∆tSL [h] is the time difference between the standard and local meridian:

∆tSL =
ξ

15
[ 15|∆GMT | − |Φ′| ] (50)

where ∆GMT [h] is the time difference between the local time zone and Greenwich Mean

Time, Φ′ [angular degree] is the local longitude, and ξ is equal to -1 for west longitude

and +1 for east longitude. The solar altitude, i.e. an angle of radiation with respect to

an observer horizon plane, hS [rad], is defined as

sinhS = sin Φ sin δ + cos Φ cos δ cos τS (51)

where Φ [rad] is the local latitude. The mean value of solar altitude hS, ∆t over a time

interval ∆t [h] is often needed in practical applications. It is obtained integrating Eq. 51

in the interval ∆t = [t− tbef ] , [t+ taft]:

hS, ∆t =
∫ t+taft

t−tbef
arcsin[sinhS] dt (52)

where tbef [h] and taft [h] are the backward and forward difference between the standard

time in the time zone t [h] and the limits of integration of the sun variables. Note the

implicit dependence of hS from the standard time within τS.

The Sun azimuth ζS [rad] is obtained from the “hour angle method” as the clockwise

angle from north:

ζS = arctan
( − sin τS

tan δ cos Φ− sin Φ cos τS

)
(53)



24 PELEG ET AL.: AWE-GEN-2D TECH. REF.

Note that also ζS should be integrated in the interval ∆t = [t − tbef ] , [t + taft] to obtain

the average value.

The sunrise time, TH rise [local hour], the sunset time, TH set [local hour], and the total

day length DLH [h] are also required:

TH rise =
180

15π
[2π − arccos(− tan δ tan Φ)]− 12 (54)

TH set =
180

15π
arccos(− tan δ tan Φ) + 12 (55)

DLH =
360

15π
arccos(− tan δ tan Φ) (56)

3.1.2. Solving the Deterministic Component of Air Temperature

Eq. 43 in Section 3.1 is a first order differential equation, the solution of which can

be found if the initial condition, i.e. the initial temperature, T̃r(t
∗), is given. Curtis and

Eagleson [1982] provide the following equation:

T̃r(t) = T̃r(t
∗)e−b1(t−t∗) + e−b1tG(t, t∗) (57)

where:

G(t, t∗) = b0

t∫
t∗

eb1τdτ + b2

t∫
t∗

eb1τK(τ)s(τ)dτ + b3

t∫
t∗

eb1τK(τ)r(τ)dτ + (58)

b4q(t− 1)

t∫
t∗

eb1τdτ = I1(t) + I2(t) + I3(t) + I4(t)

By using the full, non-zero expressions for s(t) and r(t) (the system of equations 45) Curtis

and Eagleson [1982] derived the following expressions for the terms of G(t, t∗):

I1(t) = b0

t∫
t∗

eb1τdτ =
b0

b1

[
eb1t − eb1t∗

]
(59)

I2(t) = b2

t∫
t∗

eb1τK(τ)s(τ)dτ = K(t) [K2 (eb1t − eb1(t−1))−K3 e
b1t cos

πt

12
− (60)

K4 e
b1t sin

πt

12
+K3 e

b1(t−1) cos
π(t− 1)

12
+K4 e

b1(t−1) sin
π(t− 1)

12
] + I2(t− 1)
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I3(t) = b3

t∫
t∗

eb1τK(τ)r(τ)dτ = K(t) [K6 e
b1t sin

πt

12
−K5 e

b1t cos
πt

12
− (61)

K6 e
b1(t−1) sin

π(t− 1)

12
+K5 e

b1(t−1) cos
π(t− 1)

12
] + I3(t− 1)

I4(t) = b4

t∫
t∗

eb1τq(τ)dτ =
b4

b1

q(t− 1)(1− eb1)eb1t + I4(t− 1) (62)

where

p =
π

12
(63)

K1 =
b0

b1

(64)

K2 =
b2

b1

sin δ sin Φ (65)

K3 =
b1b2

b2
1 + p2

cos δ cos Φ (66)

K4 =
pb2

b2
1 + p2

cos δ cos Φ (67)

K5 =
p2b3

b2
1 + p2

cos δ cos Φ (68)

K6 =
pb1b3

b2
1 + p2

cos δ cos Φ (69)

Equation (62) linearizes the integral I4(t) that contains q(t), which is a non-linear

function of the temperature, by using the value from the previous hour q(t− 1). Besides,

the one-hour integration interval is considered short enough to allow variables K(t) and

q(t− 1) to be brought outside their respective integrals (Eq. 60–62).

The full non-zero expressions for s(t) and r(t) (the system of Eq. 45) are used to obtain

the above Eq. 60–61. Since s(t) and r(t) can be equal to zero during certain periods of the

day, it can be seen that the integrals I2(t) and I3(t) may have different forms depending

on time of the day. The ranges over which each form is valid are delimited by several

critical times. Curtis and Eagleson [1982] identify five critical times: (i) t0 is the value of
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t in local time corresponding to midnight in standard time; (ii) tR is the earliest standard

hour that does not precede local sunrise TH rise, (tR ≥ TH rise); (iii) t12 is the value of t at

the earliest standard hour that does not precede local noon (t12 ≥ 12); (iv) tS is the value

of t at the earliest standard hour that does not precede local sunset, TH set (tS ≥ TH set);

and (v) t23 is the value corresponding to 23.00 local standard time. The integrals I2(t)

and I3(t) are evaluated according to the above time ranges using Eq. 45, which leads to

different forms for G(t, t∗).

3.1.3. Estimating the Temperature Parameters and Coefficients

According to Curtis and Eagleson [1982], Eq. 57 can be re-written to obtain:

T̃r(t) = e−b1T̃r(t− 1) + e−b1tG(t, t− 1) (70)

The hourly temperature change, Y (t) = Tr(t) − Tr(t − 1), is obtained if temperature

Tr(t− 1) is subtracted from both sides of Eq. 70. Curtis and Eagleson [1982] show that

an equation for Y (t) can be represented in the regression form:

Y (t) = a0 + a1X1(t) + . . .+ a4X4(t) (71)

where the coefficients ai-s (i = 0, 1, . . . , 4) are:

a1 = e−b1 − 1 (72)

ai = −a1

b1

bi , i = 0, 2, . . . , 4 (73)

and the predictors Xi(t) are:

X1(t) = T̃ (t− 1) (74)

X2(t) =

t∫
t−1

K(τ)s(τ)dτ (75)
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X3(t) =

t∫
t−1

K(τ)r(τ)dτ (76)

X4(t) = q(t− 1) (77)

As above, the one-hour integration interval is considered to be short enough to allow

variable q(t − 1) to be brought outside its integral. Similarly to the previous discussion,

the terms X2(t) and X3(t) containing s(t) and r(t) have different forms depending on

time of the day. From a system of linear Eq. 71, the regression coefficients ai-s (i = 0, 1,

. . . , 4) can be found with conventional methods. Once ai-s (i = 0, 1, . . . , 4) have been

estimated, the regression parameters, bi, can be easily obtained from Eq. 73. The bi-s are

estimated on a monthly basis.

Once the regression parameters have been estimated, Eq. 43 can be used to simulate

the deterministic component of the hourly temperature model. Eq. 43 is applied each

day to compute temperatures for each hour starting from midnight (t = 0). The initial

temperature, T̃r(t
∗), is taken as the deterministic temperature component estimated at

23 h of the previous day. According to Eq. 42, the difference between the observed

and estimated deterministic temperature components defines the temperature random

deviates. Consequently, series of random deviates can be estimated for each period of

interest, e.g. for each month, season, and also hour of the day. In this way the parameters

dTrh, σdTr,h, and ρdTr , are obtained using conventional estimation techniques.

3.1.4. Topographic Influences in Temperature Beyond Elevation

The air temperature at a given reference level can be generated with or without consid-

eration of the terrain effect beyond elevation (see further details in Section 4.5). Without
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considering the terrain effect, the air temperature at a reference level at any given grid

point, Tr(x, y, t) [◦C], is calculated as presented above.

If the terrain is considered, then the shading effect for each grid point and for each

time-step need to be calculated. The shadow effect, Sh(x, y, t) [0/1], is calculated as

Boolean coefficient which value is zero when the point is shadowed (i.e. when the horizon

angle, Hζ [rad], is lower than the solar altitude, hS[rad], for a given solar azimuth, ζS[rad]),

and equal to one otherwise. Only diffusive, directed–reflected and diffusive–reflected fluxes

reach a shaded grid point [Dubayah and Loechel , 1997; Chen et al., 2006]. Thus, for shaded

grid points, the I2(t) and I3(t) components (see Eq. 60–61) influencing the deterministic

component of the temperature have to be reduced. This is done by setting a shading

effect factor, ShF (x, y), that ranges between 0 and 1. When the terrain is considered,

Eq. 58 is computed as:

G(t, t∗) = I1(t) + I2(t)ShF + I3(t)ShF + I4(t) (78)

The shading effect factor, ShF (x, y), can be calibrated comparing shaded and not-

shaded locations within the domain. As default, ShF is set to 0.75 for the entire domain

and is not seasonal dependent.

3.2. Generating Near-Surface Temperature Fields

The near-surface air temperature, T (x, y, t) [◦C], is calculated from the air temperature

at reference level, Tr(x, y, t) [◦C] by adding a stochastic lapse rate, ΓT (x, y, t) [◦C]:

T (x, y, t) = Tr(x, y, t) + ΓT (x, y, t) (79)

The stochastic lapse rate is expressed as follows:
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ΓT (x, y, t) = N−1(U(γT (t)), µΓT (x, y, t), σΓT ,h) (80)

where N−1 is an inverse cumulative normal distribution, U(γT (t)) [−] is a uniform dis-

tribution of an AR(1) time series generated using the mean lag-1 autocorrelation of the

observed lapse rate in the domain, σΓT ,h [◦C] is the standard deviation of the observed

lapse rate for every hour and µΓT (x, y, t) [◦C] is the mean lapse rate in space and time

which is calculated by taking into account a linear dependency of the lapse rate with

elevation:

µΓT (x, y, t) = µΓa,hZ(x, y) + µΓb,h (81)

where Z(x, y) [km] is the elevation of each point in the domain, and µΓa,h and µΓb,h

are the two parameters linking the lapse rate with elevation in a linear way. The µΓ,h

parameters, are calculated using the simulated ensemble of temperature at the reference

level, Tr(x, y, t), and recorded temperatures from ground stations located at different

elevations within the domain. Note that elevation can be expressed as Z(x, y) only if the

temperature reference level is calculated for the zero elevation level, otherwise differences

with the reference elevation need to be included.

3.3. Temperature Inversion

Topographic temperature inversion affects only steep valleys, meaning that during a

temperature inversion two lapse rates are computed: (i) a positive lapse rate (i.e. increas-

ing with altitude) that affects the steep areas along the valleys; and (ii) a negative lapse



30 PELEG ET AL.: AWE-GEN-2D TECH. REF.

rate (i.e. decreasing with altitude) that affects the slopes above the steep areas up to the

top of the mountains.

In AWE-GEN-2d, a reference layer, Z1(x, y) [km], is defined to distinguish between

the two lapse rates where the temperature inversion takes place. It is defined using a

combination of curvature and flow accumulation maps, in order to detect the deep–steep

valleys in the domain. The temperature inversion is correlated with the daily amplitude

of temperature, as a high amplitude is often associated with a calm– clear–sky conditions

[Dai et al., 1999].

Lapse rate time series for the steep valleys areas, ΓI(t) [
◦C
km

], are stochastically generated

following a distribution anamorphosis transformation [e.g. Schleiss et al., 2009, 2012; Peleg

et al., 2016], which couples the stochastically generated lapse rate with the observed daily

amplitude of temperature as:

ΓI(t) = σΓI ,h

(
ρΓ,hN

−1 [U(δTa(t))] +
√

1− ρ2
Γ,hN

−1 [U(γI(t))]
)

+ µΓI ,h (82)

where ρΓ,h is the hourly correlation coefficient between the observed daily temperature

amplitude, δTa(t) [◦C], and the hourly lapse rate, γI,h [
◦C
km

], between a mountain and a

valley stations with a lapse rate mean and standard deviation of µΓI ,h and σΓI ,h, corre-

spondingly, U(δTa(t)) is the Gaussian quantile function for the daily temperature am-

plitude time series transformed using the two parameters of the amplitude of the daily

temperature distribution (µδTa , σδTa) , U(γI(t)) is the Gaussian quantile function for the

valley–mountain lapse rate time series which is generated using the AR(1) model and N−1

is the Gaussian inverse cumulative probability distribution function N ∼ (0, 1).
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The air temperature at ground level, T (x, y, t) [◦C], is corrected for the points below

the Z1 reference layer when a positive valley–mountain lapse rate ΓI(t) is simulated, as

follows:

T (x, y, t) =


T (x, y, t)− ΓI(t) [Z1(x, y)− Z(x, y)] ,for Z(x, y) ≤ Z1(x, y)and ΓI(t) > 0

T (x, y, t) ,otherwise

(83)

4. Shortwave Incoming Radiation

In AWE-GEN-2d, the incoming shortwave radiation is calculated as in AWE-GEN

[Fatichi et al., 2011], with an extension for a 2D grid. The clear sky radiation com-

ponent considers two bands Λ: the ultraviolet/visible, UV/VIS, band with wavelengths

[0.29 − 0.70 µm] and the near infrared, NIR, band with wavelengths [0.70 − 4.0 µm]

[Gueymard , 2008]. In the first band, ozone, nitrogen dioxide absorption, and Rayleigh

scattering are concentrated; the absorption by water vapor and uniformly mixed gases is

mainly concentrated in the second band.

According to Gueymard [2008], the extraterrestrial radiation, R′0, is partitioned in the

fractions of 0.4651 in the UV/VIS band, and 0.5195 in the NIR band. It can be obtained

starting with the value of the solar constant R0 = 1360.8 [W m−2], as suggested by

Kopp and Lean [2011]. This value is corrected to take into account the ratio between

the actual Earth-Sun distance and the mean Earth-Sun distance R′0 = E0 R0 [W m−2].

The correction factor E0 [−] was derived by Iqbal [1983] as a function of the daily angle

γ = 2π(DOY − 1)/365:

E0 = 1.00011 + 0.034221 cos γ + 0.00128 sin γ + 0.000719 cos 2γ + 0.000077 sin 2γ (84)
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where DOY is the day of the year. The equations to calculate the instantaneous values

of other variables used in the radiation computation, such as the solar altitude, hS [rad],

solar azimuth, ζS [rad], solar declination, δ [rad], sunrise local time, TH rise [local hour],

sunset local time, TH set [local hour], and daily length, DLH [h], are defined in Section

3.1.1.

4.1. Direct and Diffuse Radiation for Clear Sky Conditions

When extraterrestrial radiation enters the atmosphere, it is attenuated by Rayleigh

scattering TR,Λ [−], uniformly mixed gas absorption Tg,Λ [−], ozone absorption To,Λ [−],

nitrogen dioxide absorption Tn,Λ [−], water vapor absorption Tw,Λ [−], and aerosol extinc-

tion Ta,Λ [−] [Gueymard , 1989, 2008]. The equations to compute the transmittance terms

TX,Λ for both bands are given in Gueymard [2003, 2008] and in Section 4.2.

The direct beam radiation at normal incidence, RBn,Λ [W m−2], is computed for the

first band UV/VIS Λ1, and for the second band NIR Λ2:

RBn,Λ1 = 0.4651R′0
∏
X

TX,Λ1 (85)

RBn,Λ2 = 0.5195R′0
∏
X

TX,Λ2 (86)

Following the model of Gueymard [2008] the incedent diffuse irradiance, RDp,Λ [W m−2],

on a perfectly absorbing ground (zero albedo) is defined in Eq. 87, where the prime

indicate that the transmittances are calculated with a reference air mass m′ = 1.66 [−].

RDp,Λ = To,ΛTg,ΛT
′
n,ΛT

′
w,Λ

[
BR,Λ(1− TR,Λ)T 0.25

a,Λ

+BaFΛTR,Λ(1− T 0.25
as,Λ)

]
R′0,Λ sin(hS) (87)

where hS [rad] is the solar altitude, BR,Λ [−] are the forward scattering fractions for

Rayleigh extinction, Ba [−] is the aerosol forward scattering factor, and FΛ [−] is a
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correction factor to compensate for multiple scattering effects and shortcomings of the

simplified approach [Gueymard , 2008]. The term Tas,Λ [−] is the aerosol scattering trans-

mittance function of the single scattering albedos, ωΛ1 [−] and ωΛ2 [−], and of the spectral

aerosol optical depth, τaΛ [−] [Gueymard , 1989, 2008]. For the parameterizations of the

above quantities, see Gueymard [2008] and Section 4.2.

Backscattered radiation, RDd,Λ [W m−2], is added to the diffuse fluxes because of the

interaction between the reflecting Earth surface and the scattering layer of the atmosphere.

This component is computed as follows [Gueymard , 2008]:

RDd,Λ = ρgρs,Λ(RBn,Λ sin(hS) +RDp,Λ)/(1− ρgρs,Λ) (88)

where ρg [−] is the ground albedo referring to a large area of 5–50 [km] radius surrounding

the point of interest and ρs,Λ [−] is the sky albedo, which is described in Gueymard [2008]

(see Section 4.2). Finally, the total diffuse radiation for clear sky conditions in each band

is RD,Λ = RDp,Λ +RDd,Λ and the normal global radiation is RGn,Λ = RBn,Λ +RD,Λ.

The parameters required for the clear sky radiation model of Gueymard [2008] are the

ozone, uo [cm], and nitrogen dioxide, un [cm], amounts in the atmospheric column, the

single scattering albedos, ωΛ1 [−] and ωΛ2 [−], the surrounding ground albedo, ρg [−], and

the Ångström turbidity parameters, αΛ [−] and βΛ [−], from which the spectral aerosol

optical depth, τaΛ, can be obtained trough the Ångström equation:

τaΛ = βΛΛ−αΛ . (89)
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In the two band model, the wavelength Λ is substituted by an effective wavelength Λe

for each of the two bands. Further αΛ and βΛ are taken equal for the two band [Guey-

mard , 1989, 2008]. These parameters are not available for applications of the weather

generator. Nonetheless, the ranges of variation of several of these parameters are limited.

In most cases typical values can be assumed. The value of the single scattering albedo ωΛ

is constrained between 0.75–0.98 for most applications [Russell et al., 2002]; Gueymard

[2008] suggests to adopt a value of ωΛ1 = 0.92 and a value ωΛ2 = 0.84 when no other

information is available. The ozone, uo, and the nitrogen dioxide, un, amounts have a

minimal influence in the overall process and constant values of 0.35 [cm] and 0.0002 [cm],

respectively, are assumed in the weather generator. The surrounding ground albedo, ρg

[−], depends on the location but for snow-free region its value is typically between 0.1

and 0.25 (default value is 0.15). The contribution of backscattered radiation is very small

[Gueymard , 2008] and may become important only in snow-covered region, where ρg can

reach values of 0.7–0.85.

The Ångström turbidity parameters α and β require a more detailed discussion. These

parameters, especially β, have a strong effect in determining the clear sky irradiance.

Suitable values of α and β can be derived from the spectral irradiance measurement,

typically Aerosol Optical Depth (AOD) from n discrete bands using a linearization of

Ångström Eq. 89 [Gueymard , 2008]. The development of various sun-photometric ground

networks, especially AERONET (http://aeronet.gsfc.nasa.gov/) [Holben et al., 1998] has

provided a large data archive of measured AOD and other atmospheric states with a

world-wide coverage. The possible values that the Ångström turbidity, α, can assume

are 1.3±0.5. The parameter β, on the other hand, can vary several orders of magnitude
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reflecting sky conditions, from nearly zero (0.001 or less) for clear sky to 0.5 for very hazy

conditions [Chaiwiwatworakul and Chirarattananon, 2004]. The globally and annually

averaged value of AOD (at [0.55 µm]) is about 0.12, that implies average values of β

around 0.05 [Ramanathan et al., 2001; Robertson et al., 2001]. When site-specific values

of α and β are not available, it is recommended to use value of 1.3 for α [Gueymard , 1989]

and to calibrate β to fit the average monthly clear sky radiation.

4.2. Clear Sky Radiation Parameterizations

The transmittances in band Λ1 and band Λ2 required to estimate direct beam radiation

at normal incidence, RBn,Λ, and the incedent diffuse irradiance, RDp,Λ, are calculated as

in Gueymard [2008].

4.2.1. Direct Beam Irradiance

The ozone absorption transmittances, To,Λ, are:

To,Λ1 = (1 + f1mO + f2mO
2)/(1 + f3mO) (90)

To,Λ2 = 1.0 (91)

where mO is the ozone absorption air mass and the other parameter are function of the

ozone amount in atmospheric column, uo [cm]:

f1 = uo(10.979− 8.5421uo)/(1 + 2.0115uo + 40.189u2
o) (92)

f2 = uo(−0.027589− 0.005138uo)/(1− 2.4857uo + 13.942u2
o) (93)

f3 = uo(10.995− 5.5001uo)/(1 + 1.6784uo + 42.406u2
o) (94)

The nitrogen dioxide absorption transmittances, Tn,Λ, are:

Tn,Λ1 = min [1, (1 + g1mW + g2m
2
W )/(1 + g3mW )] (95)
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Tn,Λ2 = 1.0 (96)

where mW is water vapor air mass and the other parameters are function of the nitrogen

dioxide amount in atmospheric column, un [cm]:

g1 = (0.17499 + 41.654un − 2146.4u2
n)/(1 + 22295.0u2

n) (97)

g2 = un(−1.2134 + 59.324un)/(1 + 8847.8u2
n) (98)

g3 = (0.17499 + 61.658un + 9196.4u2
n)/(1 + 74109.0u2

n) (99)

The Rayleigh scattering transmittances, TR,Λ, are:

TR,Λ1 = 1 + 1.8169m′R − 0.033454m′2R)/(1 + 2.063m′R + 0.31978m′2R) (100)

TR,Λ2 = (1− 0.010394m′R)/(1− 0.00011042m′2R) , (101)

where m′R = (Patm/Patm, 0)mR is calculated from the Rayleigh scattering and uniformly

mixed gas air mass, mR, after correcting atmospheric pressure for the difference in pres-

sures between the reference point, Patm [mbar], and sea level, Patm, 0 = 1013.25 [mbar].

The equation to scale atmospheric pressure with elevation is:

Patm
Patm, 0

= exp [
−gZref
Rd Tm

] (102)

with g = 9.81 [m s−2] acceleration of gravity, Rd = 287.05 [J kg−1;K−1], air gas con-

stant, Tm average value of air temperature between sea level and Zref , where Zref [m]

is the elevation of the reference point. Assuming on average Tm = 288.15 [K] we have

Patm/Patm,0 = exp [−gZref/8434.5].

The uniformly mixed gas absorption transmittances, Tg,Λ, are:

Tg,Λ1 = (1 + 0.95885m′R − 0.012871m′2R)/(1 + 0.96321m′R + 0.015455m′2R) (103)
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Tg,Λ2 = (1 + 0.27284m′R − 0.00063699m′2R)/(1 + 0.30306m′R) . (104)

The water vapor absorption transmittances, Tw,Λ, are:

Tw,Λ1 = (1 + h1 mW )/(1 + h2 mW ) (105)

Tw,Λ2 = (1 + c1 mW + c2 m
2
W )/(1 + c3 mW + c4 m

2
W ) (106)

where mW is again the water vapor air mass and the other parameters are function of

precipitable water in atmospheric column, w [cm]:

c1 = w(19.566− 1.6506w + 1.0672w2)/(1 + 5.4248w + 1.6005w2) (107)

c2 = w(0.50158− 0.14732w + 0.047584w2)/(1 + 1.1811w + 1.0699w2) (108)

c3 = w(21.286− 0.39232w + 1.2692w2)/(1 + 4.8318w + 1.412w2) (109)

c4 = w(0.70992− 0.23155w + 0.096514w2)/(1 + 0.44907w + 0.75425w2) (110)

h1 = w(0.065445 + 0.00029901w)/(1 + 1.2728w) (111)

h2 = w(0.065687 + 0.0013218w)/(1 + 1.2008w) (112)

Since the precipitable water in atmospheric column, w, is a variable not routinely mea-

sured, it is estimated from the dew point temperature, Tdew [◦C], using the empirical

model of Iqbal [1983]:

w = exp (0.07 Tdew − 0.075) (113)

Aerosol extinction transmittances, Ta,Λ, are modeled as in Gueymard [2008]. The band-

average spectral aerosol optical depth, τaΛ, is expressed with the same formalism of the

original Ångström law, linearized for discrete aerosol channels (see also Section 4.1), but
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considering an effective wavelength for the entire bands Λ1e and Λ2e:

τaΛ1 = βΛ1Λ1−αΛ1
e (114)

τaΛ2 = βΛ2Λ2−αΛ2
e (115)

where αΛ1, αΛ2, βΛ1, and βΛ2, are the Ångström turbidity parameters for the two bands

Λ1 and Λ2:

βΛ1 = βA0.7αΛ1−αΛ2 (116)

βΛ2 = βA (117)

As in Gueymard [2008] no distinction is made between the two αΛ, that are taken equal to

the reference Ångström turbidity αA: αΛ1 = αΛ2 = αA, consequently also βΛ1 = βΛ2 = βA.

The effective wavelength for the entire bands, Λ1e, and Λ2e, are essentially function of a

parameter uA = ln [1 +mA βΛ] [Gueymard , 1989], where mA is the air mass for aerosol

extinction. The aerosol extinction transmittances Ta,Λ for each band are thus:

Ta,Λ1 = e−mAτa,Λ1 (118)

Ta,Λ2 = e−mAτa,Λ2 (119)

The revised functions used here to obtain uA are as in Gueymard [2008]:

Λ1e = (d0 + d1 uA + d2 u
2
A)/(1 + d3 u

2
A) (120)

Λ2e = (e0 + e1 uA + e2 u
2
A)/(1 + e3 uA) (121)

where:

d0 = 0.57664− 0.024743αΛ1 (122)

d1 = (0.093942− 0.2269αΛ1 + 0.12848α2
Λ1)/(1 + 0.6418αΛ1) (123)
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d2 = (−0.093819 + 0.36668αΛ1 − 0.12775α2
Λ1)/(1− 0.11651αΛ1) (124)

d3 = αΛ1(0.15232− 0.087214αΛ1 + 0.012664α2
Λ1)/(1− 0.90454αΛ1 + 0.26167α2

Λ1) (125)

e0 = (1.183− 0.022989αΛ2 + 0.020829α2
Λ2)/(1 + 0.11133αΛ2) (126)

e1 = (−0.50003− 0.18329αΛ2 + 0.23835α2
Λ2)/(1 + 1.6756αΛ2) (127)

e2 = (−0.50001 + 1.1414αΛ2 + 0.0083589α2
Λ2)/(1 + 11.168αΛ2) (128)

e3 = (−0.70003− 0.73587αΛ2 + 0.51509α2
Λ2)/(1 + 4.7665αΛ2) . (129)

In the above equations, individual optical masses, mR, mO, mW , and mA, are used for

Rayleigh (molecular) scattering and uniformly mixed gases absorption, ozone absorption,

water vapor absorption, and aerosol extinction, respectively [Gueymard , 2008]. Individual

optical masses rather than a single air mass are considered to better characterize the solar

rays’ path length through the atmosphere. The values of the optical masses are obtained

from the sun solar altitude, h′S [angular degree], with the same functions of the REST

model [Gueymard , 2003]. Note that molecular optical mass, mR, sometimes is called

“relative air mass”, or simply “air mass”:

mR =
[
sin(h′S) + (0.48353 Z0.09584)/(96.741− Z1.1754)

]−1
(130)

mO =
[
sin(h′S) + (1.0651 Z0.6379)/((101.8− Z)2.2694)

]−1
(131)

mW =
[
sin(h′S) + (0.10648 Z0.11423)/((93.781− Z)1.9203)

]−1
(132)

mA =
[
sin(h′S) + (0.16851 Z0.18198)/((95.318− Z)1.9542)

]−1
(133)

where Z = 90− h′S [angular degree] is the sun zenith angle.

4.2.2. Diffuse Irradiance
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Aerosol extinction is mostly caused by scattering, and by absorption for the remaining

part. The aerosol scattering transmittances are:

Tas,Λ1 = e−mAωΛ1τaΛ1 (134)

Tas,Λ2 = e−mAωΛ2τaΛ2 (135)

where ωΛ1 and ωΛ2 are the single scattering albedos. The forward scattering fractions

for Rayleigh extinction are indicated with BR,Λ. In the absence of multiple scattering,

they would be exactly 0.5 because molecules scatter equally in the forward and backward

directions. Multiple scattering is negligible in Λ2 (so that BR,Λ2 = 0.5), but not in Λ1.

Using a simple spectral model to describe this effect, BR,Λ1 is obtained after spectral

integration and parametrization as in Gueymard [2008]:

BR,Λ1 = 0.5 (0.89013− 0.0049558 mR + 0.000045721 m2
R) (136)

The aerosol forward scatterance factor, Ba, is the same as Gueymard [2008]:

Ba = 1− exp [−0.6931− 1.8326 sin(hS)] (137)

The correction factors, FΛ, to compensate for multiple scattering effects and shortcom-

ings for the simple approach are [Gueymard , 2008]:

FΛ1 = (g0 + g1τaΛ1)/(1 + g2τaΛ1) (138)

FΛ2 = (h0 + h1τaΛ2)/(1 + h2τaΛ2) (139)

g0 = (3.715 + 0.368 mA + 0.036294 m2
A)/(1 + 0.0009391 m2

A) (140)

g1 = (−0.164− 0.72567 mA + 0.20701 m2
A)/(1 + 0.0019012 m2

A) (141)

g2 = (−0.052288 + 0.31902 mA + 0.17871 m2
A)/(1 + 0.0069592 m2

A) (142)

h0 = (3.4352 + 0.65267 mA + 0.00034328 m2
A)/(1 + 0.034388 m1.5

A ) (143)
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h1 = (1.231− 1.63853 mA + 0.20667 m2
A)/(1 + 0.1451 m1.5

A ) (144)

h2 = (0.8889− 0.55063 mA + 0.50152 m2
A)/(1 + 0.14865 m1.5

A ) (145)

The sky albedo, ρs,Λ, parameterizations are again from Gueymard [2008]:

ρs,Λ1 =
0.13363 + 0.00077358αΛ1 + βΛ1(0.37567 + 0.22946αΛ1)/(1− 0.10832αΛ1)

1 + βΛ1(0.84057 + 0.68683αΛ1)/(1− 0.08158αΛ1)
(146)

ρs,Λ2 =
0.010191 + 0.00085547αΛ2 + βΛ2(0.14618 + 0.062758αΛ2)/(1− 0.19402αΛ2)

1 + βΛ2(0.58101 + 0.17426αΛ2)/(1− 0.17586αΛ2)
(147)

The reduction factor for direct beam, MB, and global, MG, radiation between the first

band radiation and PAR adopted in Eq. 164–165 are [Gueymard , 2008]:

MB = (t0 + t1βe + t2β
2
e )/(1 + t3β

2
e ) (148)

MG = (v0 + v1βe + v2β
2
e )/(1 + v3β

2
e ) (149)

where the effective turbidity coefficient, βe, is obtained from the previously defined αΛ1,

βΛ1, and Λ1e as: βe = βΛ1(Λ11.3−αΛ1
e ) and the other parameters are function of m15 =

min (mR, 15):

t0 =
0.90227 + 0.29 m15 + 0.22928 m2

15 − 0.0046842 m3
15

1 + 0.35474 m15 + 0.19721 m2
15

(150)

t1 =
−0.10591 + 0.15416 m15 − 0.048486 m2

15 + 0.0045932 m3
15

1− 0.29044 m15 + 0.026267 m2
15

(151)

t2 =
0.47291− 0.44639 m15 + 0.1414 m2

15 − 0.014978 m3
15

1− 0.37798 m15 + 0.052154 m152
(152)

t3 =
0.077407 + 0.18897 m15 − 0.072869 m2

15 + 0.0068684 m3
15

1− 0.25237 m15 + 0.020566 m2
15

(153)

v0 =
0.82725 + 0.86015 m15 + 0.00713 m2

15 + 0.00020289 m3
15

1 + 0.90358 m15 + 0.015481 m2
15

(154)

v1 =
−0.089088 + 0.089226 m15 − 0.021442 m2

15 + 0.0017054 m3
15

1− 0.28573 m15 + 0.024153 m2
15

(155)

v2 =
−0.05342− 0.0034387 m15 + 0.0050661 m2

15 − 0.00062569 m3
15

1− 0.32663 m15 + 0.029382 m2
15

(156)

v3 =
−0.17797 + 0.13134 m15 − 0.030129 m2

15 + 0.0023343 m3
15

1− 0.28211 m15 + 0.023712 m2
15

(157)
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4.3. Direct and Diffuse Radiation for Overcast Conditions

Radiative properties of clouds are related to their type and structure. The latter should

be taken into account through some parametrization. Radiative properties of clouds are

mainly related to the total vertical liquid water path, LWP [g m−2], which remains almost

constant for clouds with the same broadband optical thickness [Stephens , 1978]. Slingo

[1989] simplified a multi-band cloud transmittance model to include only four wavelength

bands. This model parameterizes cloud transmittances for diffuse, RD,Λ, and normal

direct beam, RBn,Λ, clear sky fluxes, considering new fluxes normally incident on top of

the clouds.

Slingo [1989] accounted for four spectral bands λ, one in UV/VIS and three in NIR

wavelength intervals: [0.25−0.69µm], [0.69−1.19µm], [1.19−2.38µm], [2.38−4.0µm]. The

four band approach of Slingo [1989] can be transferred into the two band of Gueymard

[2008] considering that the first bands of the two model UV/VIS almost coincide Λ1 ' λ1

and the second band Λ2 is the sum of the other three bands Λ2 ' λ2+λ3+λ4. The direct

normal irradiance in each band λ ,= 1 , 2 , 3 , 4 for cloudy conditions, R̃Bn,Λ [W m−2], is

estimated as a linear combination of the fluxes from clear and cloudy fractions of the sky

[Slingo, 1989]:

R̃Bn,Λ = RBn,Λ

[
(1−N) + TB,λN

] k(λ)

K(Λ)
(158)

where TB,λ [−] is the cloud transmissivity for direct beam flux in band λ, k(λ) are the

respective fractions of solar irradiance at the top of atmosphere in each band for Slingo

[1989], [0.460 0.326 0.181 0.033]; and K(Λ) are the fractions of solar radiation in the model
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of Gueymard [2008] [0.4651 0.5195]. Further details of the parametrization can be found

in Section 4.4.

The diffuse radiative fluxes for cloudy conditions can result from the diffuse clear sky

fraction and from the direct radiation incident on the clouds. The incident component

of diffuse radiation in each band λ = 1 , 2 , 3 , 4 for cloudy conditions, R̃Dp,Λ [W m−2], is

estimated as a linear combination of the fluxes from clear and cloudy fractions of the sky

[Slingo, 1989]:

R̃Dp,Λ = (1−N)RDp,Λ +N
[
TDB,λRBn,Λ + TDD,λRDp,Λ

] k(λ)

K(Λ)
(159)

where TDB,λ [−] and TDD,λ [−] are the diffuse transmissivity for direct and incident diffuse

radiation, respectively.

The backscattered contribution under a cloudy sky R̃Dd,Λ [W m−2] is computed ac-

counting for the effects of cloud transmittance:

R̃Dd,Λ = [ρgρcsB,Λ/(1− ρgρcsB,Λ)]R̃Bn,Λ sin(hS)

+[ρgρcsD,Λ/(1− ρgρcsD,Λ)]R̃Dp,Λ (160)

Eq. 160 has the same expression as Eq. 88, with the difference that the sky albedo for

overcast or partially overcast conditions depends on the cloud albedo, which is different for

direct beam, ρcsB,Λ [−], and diffuse radiation, ρcsD,Λ [−]. The albedos, ρcsB,Λ and ρcsD,Λ,

are estimated as a linear combination of clear sky albedo, ρs [−], and diffuse reflectivity

for direct and diffuse incident radiation, AB,λ [−], AD,λ [−]:

ρcsB,Λ = (1−N)ρs,Λ +NAB,λ
k(λ)

K(Λ)
(161)

ρcsD,Λ = (1−N)ρs,Λ +NAD,λ
k(λ)

K(Λ)
(162)
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where the diffuse reflectivity for direct beam and diffuse incident radiation, AB,λ, AD,λ,

are defined in Slingo [1989] (Section 4.4) and are considered to be an approximation of

cloud albedo.

The total diffuse radiation for cloudy sky is therefore: R̃D,Λ = R̃Dp,Λ + R̃Dd,Λ. The

final value of the global radiation in each band Λ is R̃Gn,Λ = R̃Bn,Λ + R̃D,Λ. For arbitrary

sky conditions global normal shortwave radiation is indicated as Rsw,n [W m−2], where

Rsw,n =
∑

Λ R̃Gn,Λ, if N > 0, and Rsw,n =
∑

ΛRGn,Λ, if N = 0.

The described model requires cloud cover fractions and the cloud optical thickness, τN

[−], which is essential for the description of the radiative properties of clouds [Stephens ,

1978]. The thickness τN can be approximately parameterized in terms of the liquid water

path, LWP [Stephens , 1978]. The cloudy sky condition is assumed to be characterized

by a certain amount of LWP (N) [g m−2], which is estimated from a reference value of

LWP for overcast conditions LWPR [g m−2] [Ivanov et al., 2007]:

LWP (N) = LWPR N (163)

From Eq. 163, it follows that LWP varies from 0, when N = 0, to LWPR (N = 1). By

evaluating different LWPR for different months, this parametrization allows one to take

into account the seasonal differences in cloud properties. In some circumstances LWP

measurements or estimations could be also available and can be used directly.

The output of the radiation component of the weather generator contains the direct

and diffuse radiation fluxes for the ultraviolet/visible UV/VIS band [0.29− 0.70µm] and

the near infrared NIR band [0.70− 4.0µm]. As stated previously, the photosynthetically

active radiation (PAR) can be important in several applications. The PAR radiation is
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the spectral range of visible light between 0.40 [µm] and 0.70 [µm]. This range does

not coincide perfectly with the first radiation band UV/VIS. Reduction factors between

the first radiation band and PAR are adopted (Eq. 164–165), as proposed by Gueymard

[2008]. The reduction factors, MB [−] and MG [−], are considered valid also for cloudy

conditions, although the original formulation of Gueymard [2008] was proposed only for

clear sky conditions. This assumption should not introduce significant errors since the

reduction factors depend only on Ångström turbidities, and on the air mass of aerosol

extinction and of Rayleigh scattering. These factors are not expected to be different

under cloudy conditions.

P̃ARBn = R̃Bn,Λ1 MB (164)

P̃ARD = R̃Gn,Λ1 MG − P̃ARBn (165)

where P̃ARBn [W m−2] and P̃ARD [W m−2] are the direct beam PAR at normal irradi-

ance and the diffuse PAR, respectively. The parametrization for the two reduction factors,

MB and MG, can be found in Section 4.2.

4.4. Overcast Sky Radiation Parameterizations

According to Stephens [1978], the cloud optical thickness, τN , is one of the most im-

portant parameters needed to describe the radiative properties of clouds. Approximate

range for τN is 5 < τN < 500. By considering a set of “standard” cloud types, Stephens

[1978] derives that τN can be approximately parameterized in terms of the effective radius

of cloud-droplet size distribution, re [µm], and liquid water path, LWP [g m−2]:

τN ≈
1.5 LWP

re
(166)
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Liquid water path can be formally defined as the integral of the liquid water content from

the cloud base to the cloud top. By considering two spectral intervals [0.29 ÷ 0.75µm]

and [0.75 ÷ 4.0µm] for the set of “standard” cloud types, Stephens [1978] also derives

the following relationships:

log10(τN1) = 0.2633 + 1.7095 ln[log10(LWP )] (167)

log10(τN2) = 0.3492 + 1.6518 ln[log10(LWP )] (168)

where Eq. 167 refers to the first considered spectral band, where absorption by cloud

droplets is extremely small, and Eq. 168 refers to the second band, where absorption

is significant. It follows from Eq. 166–168 that the knowledge of LWP alone allows

one to obtain an approximate estimate of re. Slingo [1989] introduced a parametriza-

tion that provided an accurate estimate of cloud radiative properties based on re. This

parametrization is used in the following.

Slingo [1989] considered four spectral bands, one in UV/VIS, [0.25 ÷ 0.69µm], and

three in NIR wavelength intervals: [0.69 ÷ 1.19µm], [1.19 ÷ 2.38µm], [2.38 ÷ 4.0µm]

with the following respective fractions, λi, i = 1, . . . , 4, of solar irradiance at the top of

the atmosphere: 0.460, 0.326, 0.181 and 0.033. Following the parametrization of Slingo

[1989], cloud transmittances and reflectances are estimated separately for each of these

spectral intervals. The radiative fluxes computed for these four bands are then scaled

to the two principal bands Λ1 [0.29 ÷ 0.7µm] and Λ2 [0.70 ÷ 4.0µm], as described in

Section 4.3.

4.4.1. Direct Beam Irradiance
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For a given spectral interval, the single scattering properties of typical water clouds can

be parameterized in terms of the liquid water path (provided re is known):

τλ = LWP (aλ +
bλ
re

) (169)

ω̃λ = 1− (cλ + dλre) (170)

gλ = eλ + fλre (171)

where τλ is the cloud optical depth, ω̃λ is the single scatter albedo, gλ is the asymmetry

parameter, and aλ, bλ, cλ, dλ, eλ, fλ are the coefficients of the parametrization (provided

in Table S1).

Thus the transmissivity for the direct beam radiation, TB,λ, is:

TB,λ = e

[
−(1−ω̃λΥλ)

τλ
sinhS

]
(172)

where hS [rad] is the solar height and Υλ = g2
λ.

4.4.2. Diffuse Irradiance

Using the same notation as in Section 4.4.1 and omitting the subscripts λ that denote

a particular spectral band it is possible to introduce:

β0 =
3

7
(1− g) (173)

β(hS) = 0.5− 3 sinhS g

4(1 + g)
(174)

Υ = g2 (175)

U1 =
7

4
(176)

U2 =
7

4

[
1− (1− ω̃)

7ω̃β0

]
(177)

α1 = U1[1− ω̃(1− β0)] (178)

α2 = U2ω̃β0 (179)
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α3 = (1−Υ)ω̃β(hS) (180)

α4 = (1−Υ)ω̃(1− β(hS)) (181)

ε =
√
α2

1 − α2
2 (182)

M =
α2

α1 + ε
(183)

E = e−ετ (184)

γ1 =
(1− ω̃Υ)α3 − sinhS (α1α3 + α2α4)

(1− ω̃Υ)2 − ε2 sin2 hS
(185)

γ2 =
−(1− ω̃Υ)α4 − sinhS (α1α4 + α2α3)

(1− ω̃Υ)2 − ε2 sin2 hS
(186)

where the U1 and U2 are the reciprocals of the effective cosines for the diffuse upward and

downward fluxes respectively, β0 is the fraction of the scattered diffuse radiation, which

is scattered into the backward hemisphere, and β(hS) is the same for the direct radiation.

The diffuse transmissivity for direct beam and incident diffuse radiation, TDB,λ and

TDD,λ, computation is described below. The diffuse reflectivity for direct beam and diffuse

incident radiation are AB,λ and AD,λ respectively, as defined in Slingo [1989]. The diffuse

reflectivity for diffuse incident radiation is:

AD,λ =
Mλ(1− E2

λ)

1− E2
λM

2
λ

(187)

The diffuse transmissivity for diffuse incident radiation is:

TDD,λ =
Eλ(1−M2

λ)

1− E2
λM

2
λ

(188)

The diffuse transmissivity for direct beam incident radiation is:

TDB,λ = −γ2,λTDD,λ − γ1,λTB,λAD,λ + γ2,λTB,λ (189)

Finally, the diffuse reflectivity for direct beam radiation is:

AB,λ = −γ2,λAD,λ − γ1,λTB,λTDD,λ + γ1,λ (190)
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4.5. Terrain Effect on Shortwave Incoming Radiation

Solar radiation originating from the sun travels through the atmosphere and is modified

by topography. As anticipated in Section 4.3, incoming solar radiation is function of

the local topography and of the surrounding terrain through sky view factor, Svf (x, y),

and shadow effect, Sh(x, y, t). A description of incoming solar radiation components and

topographic effects is provided by Dozier and Frew [1990] and Dubayah and Loechel [1997].

All symbols refer to clear sky conditions, but are valid also in cloudy conditions.

The principal variable controlling incident radiation on a slope, in mountainous terrain,

is the local solar illumination angle, ϕS,T [rad], that is defined as the angle between the

sun beam and the normal to the slope surface [Dozier and Frew , 1990], given by:

cosϕS,T = cos βT sinhS + sin βT coshS cos(ζS − ζT ) (191)

where βT [rad] is the slope of the site, ζT [rad] is the local aspect (clockwise direction

from north), and hS [rad], ζS [rad] are the solar altitude and azimuth angles respectively.

Another important parameter is the sky view factor, Svf for which two definitions

have been proposed [Chen et al., 2006]. The first one assumes a surface with a unique

slope receiving diffuse radiation isotropically, and posits that total diffuse radiation should

be proportional to the fraction of sky dome viewed by the inclined surface. If βT is

the surface slope angle, then this sky view factor is given by the following equation:

S ′vf = (1 + cos βT )/2 [−] [Bonan, 2002]. However, the sky dome viewed by the slope

surface in mountainous terrain can be obstructed by neighboring surfaces. Dozier and

Frew [1990] provide a method to take this effect into account, defining the sky-view
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factor, Svf (x, y), as:

Svf (x, y) ≈ 1

2π

∫ 2π

0

[
cos βT sin2Hζ + sin βT cos(ζ − ζT )(Hζ − sinHζ cosHζ)

]
dζ (192)

where Hζ is the horizon angle, measured from the zenith downward to the local horizon,

for direction ζ. Further details on the calculation of Eq. 192 are provided in Dozier and

Frew [1990]. This formulation includes the possibility to account for a variable horizon

angle surrounding the point of interest, and not only for a constant horizon as assumed

in the other sky-view factor derivation.

Dozier and Frew [1990] derived also a terrain configuration factor, Ct(x, y) [−], which

approximates the total area between the point and the surrounding terrain for which the

points are mutually visible:

Ct(x, y) ≈ 1 + cos βT
2

− Svf (x, y) (193)

As counterpart of sky view factor, the terrain configuration factor, Ct(x, y), estimates

the fraction of the surrounding terrain visible to the point and varies from 0 (only sky

visible) to 1 (only terrain visible). Further details on the calculation of Eq. 193 are

provided from Dozier and Frew [1990].

The shadow effect (Section 3.1.4), Sh(x, y, t) [0/1], is calculated as a binary coefficient

which value is zero when the sloping surface is shadowed by neighboring terrain, while

equal to one otherwise [Dubayah and Loechel , 1997; Chen et al., 2006].

The direct beam, Rdir,Λ = RT
B,Λ, flux on a slope is thus given by:

RT
B,Λ(x, y, t) = Sh(x, y, t) cosϕS,T RBn,Λ (194)
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Wherever cosϕS,T is negative, the point is “self-shadowed”, i.e. the sun is below the

local horizon caused by the slope itself. When instead Sh = 0 is cast shadowed, i.e. the

shadow is caused by nearby terrain blocking the sun [Dubayah and Loechel , 1997].

The diffuse sky irradiance, RT
D,Λ(x, y, t), on a surface oriented in space is composed of

three components: the circumsolar, the circumzenith, and isotropic irradiation [Olseth

et al., 1995; Olseth and Skartveit , 1997], and for each of these components a specific

topographic correction should be applied, see for example Olseth and Skartveit [1997].

Frequently, for simplicity the entire incident diffuse radiation RD,Λ(x, y, t) is considered

as isotropic [Dozier and Frew , 1990; Dubayah and Loechel , 1997; Chen et al., 2006] and

is given by:

RT
D,Λ(x, y, t) = Svf (x, y) RD,Λ(x, y, t) (195)

Another contribution to diffuse irradiance is given by reflected radiation, RT
R,Λ(x,y,t), on

surrounding topography. Incoming radiation, in fact, may be reflected from nearby terrain

toward the point of interest and can be rarely expected to be isotropic. In order to account

for this effect, an approximate terrain configuration factor, Ct(x, y), is usually employed

(Eq. 193) [Dozier and Frew , 1990; Dubayah and Loechel , 1997]. This is motivated by

the complexity in determining the geometric relationships between a particular location

and all the surrounding terrain elements. Therefore, the reflected radiation, RT
R,Λ(x, y, t),

from surrounding terrain is simply estimated as:

Ct(x, y) RT
R,Λ(x, y, t) = Ct(x, y) ρg(RBn,Λ(x, y, t) cosϕS,T (196)

+(1− Svf (x, y))RD,Λ(x, y, t))
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where ρg is the average ground albedo refereing to a large area of 5–50 [km] radius around

the point [Gueymard , 2008].

The sum of the diffuse shortwave radiation on a slope is the contribute of two compo-

nents: Rdif,Λ(x, y, t) = RT
D,Λ(x, y, t) + Ct(x, y) RT

R,Λ(x, y, t). Finally, the global shortwave

radiation, Rsw,Λ(x, y, t), is:

Rsw,Λ(x, y, t) = Rdir,Λ(x, y, t) +Rdif,Λ(x, y, t) = (197)

RT
B,Λ(x, y, t) +RT

D,Λ(x, y, t) + Ct(x, y) RT
T,Λ(x, y, t)

The parameters required to evaluate the above equations, such as local site slope,

βT (x, y) [rad], local site aspect, ζT (x, y) [rad], and horizon angle, Hζ(x, y, ζ) [rad], can be

obtained from the analysis of topography. Specifically, in order to calculate the horizon

angle, Hζ(x, y, ζ), the viewsheds for each point (x, y) of an elevation grid should be calcu-

lated. A viewshed is the angular distribution of sky visibility versus obstruction. This is

similar to the view provided by upward-looking hemispherical (fisheye) photographs. A

viewshed is calculated by searching in a specified set of directions around a location of

interest. The resolution of the viewshed array must be sufficient to adequately represent

all sky directions but small enough to enable rapid calculations. The penumbral effects

are neglected in the code, penumbral refers to decreased direct beam radiation at the edge

of shadow due to partial obscuration of the solar disc. Considering that the solar disc

radius is 0.00466 [rad], this is a fair approximation

For domains with high elevation gradient, a correction for the Aerosol Optical Depth

should also be consider [Ingold et al., 2001]. The Ångström turbidity parameter β, which

have a strong effect in determining the clear sky irradiance, can be corrected as follows

[after Ingold et al., 2001]:
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β(x, y) = β0 exp

[
−Z(x, y)− Zβ

Hβ

]
(198)

where β0 is the Ångström turbidity parameter β at the reference level (for instance

corresponding to a given station), Z(x, y) [m] is the grid elevation, Zβ [m] is the elevation

of the reference level and Hβ is the correction factor with elevation. The correction factor

can be calibrated on a monthly basis.

5. Vapor Pressure

In AWE-GEN-2d, the simulation of air humidity is done via the simulation of vapor

pressure deficit, ∆e [Pa], i.e. the difference between the vapor pressure at saturation, esat

[Pa], and the air ambient vapor pressure, ea [Pa]. Among the others, Bovard et al. [2005]

noted a correlation between vapor pressure deficit, ∆e, and PAR during daylight time.

Here, correlations of vapor pressure deficit, ∆e, with shortwave radiation and temperature

have been imposed following the method presented in AWE-GEN model [Fatichi et al.,

2011].

The vapor pressure deficit, ∆e, shows a strong correlation with air temperature and

a weaker correlation with global shortwave radiation lagged by several hours. Specific

humidity and vapor pressure, ea, remain almost constant throughout the day, especially

in dry climates. Therefore variations of ∆e and relative humidity, U [−], are well explained

by the diurnal cycle of air temperature. Specifically, there is a positive relation between

the daily cycle of air temperature and the daily cycle of vapor pressure deficit. The

assumption is primarily valid when the atmosphere is stable and exchanges between air
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masses with different characteristics are limited. A well known relation between vapour

pressure at saturation and air temperature is given by [Dingman, 1994]:

esat(x, y, t) = 611 exp

[
17.27T (x, y, t)

237.3 + T (x, y, t)

]
(199)

In order to simulate vapor pressure, a model framework similar to the one used for air

temperature is used: i.e. ∆e is simulated as the sum of the deterministic component, ∆̂e

[Pa], and the stochastic component, d∆e [Pa]:

∆e(x, y, t) = ∆̂e(x, y, t) + d∆e(x, y, t) (200)

The deterministic component of vapor pressure deficit is related to air temperature

through a cubic function, which is essentially an approximation of the exponential de-

pendent between T (x, y, t) [◦C] and esat(x, y, t) [Pa]. Correlation also exists with global

shortwave radiation, Rsw(x, y, t) [W m−2], at lag one and two hours. The influence of solar

radiation is generally minor, but it becomes important when near-surface air temperature

effects are secondary. The deterministic component ∆e is calculated with the equation:

∆̂e(x, y, t) = a0(x, y) + a1(x, y)T 3(x, y, t) + a2Rsw(x, y, t− 1) + (201)

a3Rsw(x, y, t− 2)

where ai (i = 0, 1, . . . , 3) are the regression coefficients. The term ai change as a function

of the elevation at any given point Z(x, y) [km] through a linear, power or exponential

functions, as:

a0(x, y) = a0,aZ(x, y) + a0,b (202)
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a1(x, y) = a1,aZ(x, y)a1,b (203)

a2(x, y) = a2,a exp [Z(x, y)a2,b] + a2,c exp [Z(x, y)a2,d] (204)

a3(x, y) = a3,aZ(x, y) + a3,b (205)

where a0,a and a0,b are the parameters of the linear function that compute the regression

coefficient a0 for each grid cell, a1,a and a1,b are the parameters of the power function that

compute the regression coefficient a1 for each grid cell, a2,a...a2,d are the parameters of the

exponential functions that compute the regression coefficient a2 for each grid cell and a3,a

and a3,b are the parameters of the linear function that compute the regression coefficient

a3 for each grid cell. The parameters are estimated using maximum likelihood methods.

The deterministic component, ∆̂e, usually shows a minor hourly variance, when com-

pared with ∆e(t). The residuals d∆e(x, y, t), that constitute the stochastic component

of vapor pressure deficit, are modelled with the AR(1) approach and are also spatially

dependent:

d∆e(x, y, t) = d∆e(x, y) + ρd∆e(x, y)(d∆e(x, y, t− 1)− (206)

d∆e(x, y)) + ε(t)σd∆e(x, y)
√

(1− ρ2
d∆e(x, y))

where d∆e is the average of vapor pressure deficit deviation, σd∆e is the corresponding

standard deviation and ρd∆e is the lag-1 autocorrelation of the process. The terms ε(t)

are the standard normal deviates.

The atmospheric vapor pressure, ea, is calculated as the difference between esat and

∆e(x, y, t). It is possible that ea calculated with the proposed procedure will assume values

larger than esat and smaller than 0. Because of that, such values are simply corrected and
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assigned to the boundary values 0 and esat. This approximation introduces a bias in the

ea values near the limits.

The parameters of the deterministic component, ai (i = 0, 1, . . . , 3), are estimated

on a monthly basis using conventional regression techniques and considering elevation

dependencies. The parameters of the stochastic component: d∆e, σd∆e, and ρd∆e are

evaluated using the time series of d∆e(x, y, t) after removing the deterministic component

from the observed series of ∆e.

6. Near-Surface Wind Speed

The wind speed at near-surface level is computed from the geostrophic wind speed, tak-

ing into account the Planetary Boundary Layer (PBL) height, cloud cover and incoming

solar radiation. The wind speed daily cycle is therefore cross-correlated with the simulated

temperature and solar radiation variables. The code for the near-surface wind speed simu-

lation is largely based on WINDS (Wind-field Interpolation by Non-Divergent Schemes)

model [Burlando et al., 2007; Georgieva et al., 2003; Ratto et al., 1990, 1994]. WINDS is

a diagnostic mass-consistent model for simulation of the three-dimensional wind field in

complex terrain at the mesoscale. The wind mass conservation is not considered in AWE-

GEN-2d, thus only the WINDS “first-guess” of the wind speed at near-surface level is

computed using the geostrophic wind data [see Section 2.2 in Georgieva et al., 2003].

The speed and direction of the geostrophic wind, the atmospheric stability parameters

and the roughness parameters are needed as input for the model. The atmospheric sta-

bility is assumed to be the same for the whole domain, while the roughness is unique for

each grid point. The geostrophic wind is assumed to be identical to the advection wind

simulated in Section 2 and is assumed to be the same for the entire domain and to not
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change with height (barotropic case). The wind profile expressions for stable and neutral

conditions are given by Zilitinkevich [1989] and for unstable condition are given by Ratto

et al. [1990]. Assuming X∗-axis along the surface friction vector, the following expressions

for the near-surface velocity profile, u(x, y, t) [m
s

] and v(x, y, t) [m
s

], are used:

u(x, y, t) =
u∗(x, y, t)

kv

ln
Z∗

Z0(x, y)
+ bµ(t)

Z∗ − Z0(x, y)

h(x, y, t)
+ b∗µ(t)

(
Z∗ − Z0(x, y)

h(x, y, t)

)2
 (207)

v(x, y, t) = −u∗(x, y, t)
kv

aµ(t)
Z∗ − Z0(x, y)

h(x, y, t)
+ a∗µ(t)

(
Z∗ − Z0(x, y)

h(x, y, t)

)2
 (208)

where kv [−] is the Von Karman constant and is equal to 0.4, u∗(x, y, t) [m
s

] is the friction

velocity, h(x, y, t) [m] is the PBL height, Z∗ [m] is the height above ground level (default

is 2 m above ground) and Z0(x, y) [m] is the roughness length (Table S2). The vertical

wind component is assumed equal to zero. The coefficients bµ(t), b∗µ(t), aµ(t) and a∗µ(t)

have values which depend on the atmospheric stability:

bµ(t) =


4 ,for neutral atmosphere
4 + 10.2

√
µ ,for stable atmosphere

−34 + 38
1+0.027

√
−µ ,for unstable atmosphere

(209)

b∗µ(t) =


−4.5 ,for neutral atmosphere
−4.5− 7.65

√
µ ,for stable atmosphere

24− 28.5
1+0.027

√
−µ ,for unstable atmosphere

(210)

aµ(t) =


10 ,for neutral atmosphere
10 ,for stable atmosphere

10
1+1.581

√
−µ ,for unstable atmosphere

(211)

a∗µ(t) =


−5.5 ,for neutral atmosphere
−5.5 + 1.765

√
µ ,for stable atmosphere

− 5.5
1+1.581

√
−µ ,for unstable atmosphere

(212)
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and

µ(x, y, t) =
kvu∗(x, y, t)

|f |L(t)
(213)

where µ(x, y, t) [−]is the stability parameter, |f | [1
s
] is the Coriolis parameter and L(t)

[m] is the Monin-Obukhov length.

In order to calculate the near-surface wind profile, one have to determine the Monin-

Obukhov length, the friction velocity at any given point and time depending on the

atmospheric stability conditions, and the PBL height for any given time depending on the

atmospheric stability conditions.

6.1. Estimating Atmospheric Stability Parameters

The atmospheric stability is determined through the Pasquill stability classes [from

extreme unstable to very stable atmospheric conditions, see Pasquill , 1974] which are

related to the Monin-Obukhov length L(t) [m] through an empirical approximation [Liu

and Goodin, 1976]:

1

L(t)
= aZ0(x, y)b (214)

where Z0(x, y) [m] is the surface roughness length and a and b are coefficients that are

dependent on the atmospheric stability as [Spicer et al., 1989; Woodward , 1998]:

L(t) =



−11.4Z0(x, y)0.1 ,for Pasquill class A (extremley unstable)

−26Z0(x, y)0.17 ,for Pasquill class B (very unstable)

−123Z0(x, y)0.3 ,for Pasquill class C (unstable)
0 ,for Pasquill class D (neutral)

123Z0(x, y)0.3 ,for Pasquill class E (stable)

26Z0(x, y)0.17 ,for Pasquill class F (very stable)

(215)
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The Pasquill stability class for each hour is determined based on the shortwave incoming

solar radiation, the cloud cover and the time of the day by calculating the expected near-

surface wind velocity for different stability conditions, following the scheme of Mohan and

Siddiqui [1998]. In cases where more than one class can be considered, the near-surface

wind speed is calculated for all possible classes and the atmospheric stability that best

matches the conditions defined by Mohan and Siddiqui [1998] (see Table S3) is chosen.

6.2. Calculating the Friction Velocity

The friction velocity, u∗(x, y, t) [m
s

], is calculated from the geostrophic drag law as in

Georgieva et al. [2003]:

u∗(x, y, t)

G(t)
=

kv√(
ln h(x,y,t)

Z0(x,y)
−Bµ(x, y, t)

)2
+ A2

µ(x, y, t)

(216)

where G(t) [ m
s−1 ] is the geostrophic wind speed derived from the simulated advection

G(t) =
√
yu(t)2 + yv(t)2 (see Section 2). The coefficients Aµ and Bµ are as follows:

Aµ(x, y, t) =


4.5 ,for neutral atmosphere

4.5 + 1.765
√
µ(x, y, t) ,for stable atmosphere

4.5

1+1.581
√
−µ(x,y,t)

,for unstable atmosphere
(217)

Bµ(x, y, t) =


0.5 ,for neutral atmosphere

0.5− 2.55
√
µ(x, y, t) ,for stable atmosphere

10− 9.5

1+0.027
√
−µ(x,y,t)

,for unstable atmosphere
(218)

The Planetary Boundary Layer height necessary for the computation of friction velocity

is computed in the following.
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6.3. Calculating the PBL height

The Planetary Boundary Layer (PBL) height, h(x, y, t) [m], is calculated using the

following expressions:

h(x, y, t) =


0.3u∗(x,y,t)

|f | ,for neutral atmosphere [Zilitinkevich, 1989]

0.3u∗(x,y,t)
|f |

1

1+0.882
√
µ(x,y,t)

,for stable atmosphere [Zilitinkevich, 1989]

0.3u∗(x,y,t)
|f |

(
1 + 1.581

√
−µ(x, y, t)

)
,for unstable atmosphere [Ratto et al., 1990]

(219)

Note that for surfaces that are characterised by a small roughness length (e.g. over

sea or lakes) the PBL height is underestimated when using Eq. 219. In WINDS manual

[Georgieva et al., 2003] a correction is suggested.

6.4. Transformation to Cartesian Coordinate System

Eq. 207–208 define the wind components in a coordinate system with X∗-axis along

the friction velocity. A transformation to the Cartesian coordinate system (with X-axis

positive toward east) is then required. The angle between the X-axis and the X∗-axis is

the sum of two angles: the angle between the geostrophic wind vector and X∗, ϕ [deg],

and the angle between the geostrophic wind vector and the X-axis, β [deg]. The angle

ϕ(x, y, t) [deg] is obtained as [Georgieva et al., 2003]:

ϕ(x, y, t) = − arctan
Aµ(x, y, t)

ln u∗(x,y,t)
|f |Z0(x,y)

−Bµ(x, y, t)
(220)

while the angle β(x, y, t) [deg] is simply deduced from the geostrophic wind direction. The

rotation angle, θ [rad], is the sum of both angles. The rotation is than applied as:

ux(x, y, t) = u(x, y, t) cos θ − v(x, y, t) sin θ (221)
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vy(x, y, t) = u(x, y, t) sin θ + v(x, y, t) cos θ (222)

where ux(x, y, t) [m
s

] and vy(x, y, t) [m
s

] result in the near-surface wind velocities along the

Cartesian coordinate system.

6.5. Terrain Effect on Near-Surface Wind

The simulated near-surface wind can be adjusted according to the topographic slope

and curvature relationships (e.g. stronger winds are typically observed at top of the

mountains comparing to the valleys bottom and weaker winds are observed over slopes

protected by the mountains than computed in Sections 6.1–6.4). This is accomplished

by using the topographically driven wind model suggested by Liston and Sturm [1998],

which was later further developed by Liston and Elder [2006].

The topography is analysed to compute the terrain slope, βS(x, y) [◦], terrain azimuth,

ξS(x, y) [◦] and topographic curvature, ΩC(x, y) [−]. Azimuth is assigned for each of the

eight neighbouring point of a given cell in the rectangular grid, i.e. for a 45◦ intervals

(0◦,45◦,90◦,135◦,180◦,225◦,270◦ and 315◦), with north having zero azimuth. The topo-

graphic slope is calculated for each of the above directions and the maximum terrain

slope in the down-slope direction and its corresponding azimuth are chosen:

βS(x, y) = max

(
arctan

Z(x, y)− Z(x+ i, y + j)√
i2 + j2dx

)
(223)

where i = −1, 0, 1 [−] and j = −1, 0, 1 [−] are the indexes for the neighbouring points,

dx [m] is the grid cell size and Z(x, y) [m] is the elevation of any given point.

The curvature, ΩC(x, y) [−], is computed using a curvature length scale, η [m], which is

equal to approximately half the wavelength of the topographic features within the domain
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[i.e. the distance from a typical ridge to the nearest valley, Liston and Elder , 2006]. The

curvature is calculated by taking the difference between the point elevation and the average

elevations of the two opposite grid points in a length scale distance. This difference is

calculated for each of the opposite directions S–N, W–E, SW–NE, and NW–SE from the

given point [Liston and Elder , 2006]:

ΩC(x, y) =
1

4

[
Z(x, y)− 0.5(ZW + ZE)

2η
+
Z(x, y)− 0.5(ZS + ZN)

2η
+

Z(x, y)− 0.5(ZSW + ZNE)

2η
√

2
+
Z(x, y)− 0.5(ZNW + ZSE)

2η
√

2

]
(224)

where ZW , ZE, ZS, ZN , ZSW , ZNE, ZNW and ZSE are the elevation values [m] for the

points at the length scale distance η [m] of the corresponding direction. The curvature is

then scaled to the range −0.5 ≤ ΩC ≤ 0.5.

The slope in the direction of the wind, ΩS(x, y, t) [◦], is defined as [Liston and Elder ,

2006]:

ΩS(x, y, t) = βS(x, y) cos [θ(x, y, t)− ξS(x, y)] (225)

where θ(x, y, t) [◦] is the direction of the simulated wind (north has a zero direction),

calculated as:

θ(x, y, t) =
3π

2
− arctan

(
vx(x, y, t)

ux(x, y, t)

)
(226)

The slope in the direction of the wind is also scaled to the range −0.5 ≤ ΩS ≤ 0.5.

The near-surface wind speed, W (x, y, t) [m
s

], is calculated as:

W (x, y, t) =
√
u2
x(x, y, t) + v2

x(x, y, t) (227)
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and the wind weighting factor, Ww(x, y, t) [−], used to modify the wind speed is expressed

as [Liston and Sturm, 1998]:

Ww(x, y, t) = 1 + γSΩS(x, y, t) + γCΩC(x, y) (228)

where γS and γC are the slope and curvature weights (respectively), ranged between 0

and 1 (default values assigned to 0.5, i.e. equal weighting).

The terrain-modified wind speed at near-surface level, Ws(x, y, t) [m
s

], is finally calcu-

lated as:

WS(x, y, t) = Ww(x, y, t)W (x, y, t) (229)

6.6. Correcting the Roughness Field

The computations for the near-surface wind speed are assumed to be initialized with

the geostrophic wind [following Georgieva et al., 2003]. However, in most cases the wind

components of the geostrophic wind are unknown, and a time series of the wind com-

ponents for a fixed geo–potential height, e.g. the 500 or 850 [hPa] layer, must be used.

In this case the roughness length field, Z0(x, y) [m], can be calibrated to fit the wind

at a reference layer. This calibration consists by fitting the observed mean wind speed

at ground level, wo [ms−1]. The roughness field, Z0(x, y) [m], and the simulated mean

wind speed at ground level, ws [ms−1] are necessary to compute the effective roughness

field, Z∗0(x, y) [m]. The effective roughness field can than be found by matching the mean

observed and simulated wind speed, using a correction to the local roughness field:
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Z∗0 = w4 exp [(w1Z
w2
0 + w3)w5] + w6 exp [(w1Z

w2
0 + w3)w7] (230)

where the coefficients w1, w2, ..., w7 [−] are determined on a monthly basis using the equa-

tions below :

wo = w1Z
w2
0 + w3 (231)

Z∗0 = w4 exp [wsw5] + w6 exp [wsw7] (232)

The effective roughness field, Z∗0(x, y) [m] then replace the roughness field, Z0(x, y) [m]

in Eq. 207, 208, 214 and 215.

7. Atmospheric Pressure

The atmospheric pressure is first generated using a simple autoregressive model AR(1)

for a single reference point in the domain and then extended to the rest of the domain

taking into account the temperature field and the lapse rate. The atmospheric pressure

at a reference point, P0(t) [hPa], is generated as follows:

P0(t) = µP0,m + ρP0,m(Patm(t− 1)− µP0,m) + ε(t)σP0,m

√
(1− ρ2

P0,m
) (233)

where µP0,m is the monthly average atmospheric pressure, σP0,m is the monthly standard

deviation, ρP0,m is the lag-1 autocorrelation of the process, and ε(t) are the standard

normal deviates. The parameters of the model are evaluated from the time series of

P0,m(t) for each month with conventional estimation procedures.

The atmospheric pressure for any given point, P (x, y, t) [hPa], is calculated using:
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P (x, y, t) = P0(t)

[
1 +

Γ0(x, y, t)

T0(t)
(Z(x, y)− Z0)

]− gm
RΓ0(x,y,t)

(234)

where T0(t) [◦K] is the ground temperature at the reference point, Γ0(x, y, t) [
◦K
m

] is the

field lapse rate in space and time and Z(x, y) [m] and Z0 [m] are the field elevation and

the elevation of the reference point (respectively). The other parameters are constant:

g = 9.8 [m
s

] is the gravitational acceleration constant, M = 0.0289644 [ kg
mol

] is the molar

mass of air and R = 8.31432 [ Nm
mol◦K

] is the universal gas constant.

Appendix A: Model Structure

AWE-GEN-2d is composed of 8 modules used to generate different variables: (i) precip-

itation and cloud cover fields; (ii) advection; (iii) near-surface air temperature field; (iv)

atmospheric pressure field; (v) radiation and vapor pressure fields; (vi) relative humidity

field; (vii) dew point temperature field; and (viii) near-surface wind speed field. For each

module the same procedure is consider: (i) pre-processing, where the data is prepared to

fit the model requirements and the model parameters are estimated; (ii) processing, where

the climate variables are generated; and (iii) post-processing, where the data is analysed

and results figures are generated.

AWE-GEN-2d model is run using the Matlab software. The main code is located in the

main folder of the model, AWE-GEN-2d, under the file AWE GEN 2D.mat ; All modules

and processes are run using this code. An example of a simulation in the Engleberger

catchment (Switzerland) is embedded in the code.

The other folders in the model are:

(1) Processing - include all Matlab functions related to the processing phase
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(2) PreProcessing - include all Matlab functions related to the pre-processing phase

(3) PostProcessing - include all Matlab functions related to the post-processing phase

(4) Files - folder in which all results and output files are saved

(5) Figs - folder in which all figures are saved as Tif files or Matlab figures format (in

two separate folders)

(6) Engelberger - folder with all files needed as input for the model and meta-data of

the inputs.

Movie S1. A short demonstration for the simulation of the key climate variables gener-

ated by AWE-GEN-2d is given. This video emphasize AWE-GEN-2d ability to reproduce

the climate variable at a high spatial and temporal resolution.
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Figure S1. A schematic representation of the advection simulation using the symmetries of

the FFT. Figure is taken from Paschalis [2013].
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Figure S2. A comparison between observed (blue) and simulated (red) cloud cover distribution

for each month. The observed period covers 8 years of data (2003–2010), while simulations

represent the mean of 50 realizations of 30 years each.
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Figure S3. A comparison between observed (blue) and simulated (red) wet area fraction

distribution for each month. The observed period covers 8 years of data (2003–2010), while

simulations represent the mean of 50 realizations of 30 years each.
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Figure S4. Distribution of the differences in the median annual rainfall for each grid cell in

the domain relative to the observations presented in Fig. 4.
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Figure S5. Distribution of the differences between observed and simulated values of the

median annual temperature for each grid cell in the domain relative to the data presented in Fig.

7.
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Figure S6. A comparison between observed and simulated near-surface (2 m) daily maximum

air temperature for each month. The blue dots and red dashed lines represent the observed and

simulated mean values (respectively) and the bounded blue and red areas represent the observed

and simulated standard deviation (respectively). The observed period covers 32 years of data

(1981–2012), while simulations represent the mean of 50 realizations of 30 years each.
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Figure S7. A comparison between observed and simulated near-surface (2 m) daily minimum

air temperature for each month. The blue dots and red dashed lines represent the observed and

simulated mean values (respectively) and the bounded blue and red areas represent the observed

and simulated standard deviation (respectively). The observed period covers 32 years of data

(1981–2012), while simulations represent the mean of 50 realizations of 30 years each.
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Figure S8. A comparison between observed (blue) and simulated (red) near-surface (2 m) air

temperature probability distribution. The observed period covers 32 years of data (1981–2012),

while simulations represent the mean of 50 realizations of 30 years each.
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Figure S9. A comparison between observed (blue) and simulated (red) relative humidity

distribution. The observed period covers 15 years of data (2000–2014) for Luzern, Engelberg and

Pilatus stations and 10 years of data (2005–2015) for Titlis station. Simulations represent the

mean of 50 realizations of 30 years each.
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Figure S10. A comparison between observed and simulated near-surface wind speed, without

considering terrain effects, for each month. The blue dots and red dashed lines represent the

observed and simulated mean values (respectively) and the bounded blue and red areas represent

the observed and simulated standard deviation of the monthly values (respectively). The observed

period covers 16 years of data (1999–2015), while simulations represent the mean of 50 realizations

of 30 years each.
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Table S1. The values of coefficients in Eq. 169–171 [from Slingo, 1989].

Band aλ [10−2m2 g−1] bλ [µmm2 g−1] cλ dλ [µm−1] eλ fλ [10−3 µm−1]

[0.25 ÷ 0.69 µm] 2.817 1.305 -5.62×10−8 1.63×10−7 0.829 2.482

[0.69 ÷ 1.19 µm] 2.682 1.346 -6.94×10−6 2.35×10−5 0.794 4.226

[1.19 ÷ 2.38 µm] 2.264 1.454 4.64×10−4 1.24×10−3 0.754 6.560

[2.38 ÷ 4.00 µm] 1.281 1.641 2.01×10−1 7.56×10−3 0.826 4.353

Table S2. Typical values of roughness lengths [Wiernga, 1992, 1993]

Surface type Roughness length, Z0 [m]

Sea, loose sand, snow ≈0.0002

Concrete, flat desert, tidal flat 0.0002–0.0005

Flat snow field 0.0001–0.0007

Rough ice field 0.001–0.012

Bare ground 0.001–0.004

Short grass and moss 0.008–0.03

Long grass and heather 0.02–0.06

Low mature agricultural crops 0.04–0.09

High mature crops (grain) 0.12–0.18

Continuous bushland 0.35–0.45

Pine forest 0.35–0.45

Dense low buildings (suburb) 0.4–0.7

Regularly built large town 0.7–1.5

Tropical forest 1.7–2.3
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Table S3. Modified Pasquill stability classes [after Mohan and Siddiqui , 1998]

Daytime incoming shortwave radiation [Wm−2] Nighttime cloud cover [−]

Wind [ms−1]
Strong
(>600)

Moderate
(300–
600)

Slight
(300–
50)

Overcast
(<50)

Day/night1 <0.5 0.5–0.875 >0.875

<2 A A–B B C D F F D

2–3 A–B B C C D F E D

3–5 B B–C C C D E D D

5–6 C C–D D D D D D D

>6 C D D D D D D D
1 Within 1 h before sunset or after sunrise.


