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Abstract.

Parameterizing incident solar radiation over complex topography regions in Earth System Models (ESMs) remains a chal-

lenging task. In ESMs, downward solar radiative fluxes at the surface are typically computed using plane parallel radiative

transfer schemes, which do not explicitly account for the effects of a three-dimensional topography, such as shading and re-

flections. To improve the representation of these processes, we introduce and test a parameterization of radiation-topography5

interactions tailored to the Geophysical Fluid Dynamics Laboratory (GFDL) ESM land model. The approach presented here

builds on an existing correction scheme for direct, diffuse and reflected solar irradiance terms over three-dimensional terrain.

Here we combine this correction with a novel hierarchical multivariate clustering algorithm which explicitly describes the spa-

tially varying downward irradiance over mountainous terrain. Based on a high-resolution digital elevation model, this combined

method first defines a set of sub–grid land units ("tiles") by clustering together sites characterized by similar terrain-radiation10

interactions (e.g., areas with similar slope orientation, terrain and sky view factors). Then, based on terrain parameters charac-

teristic for each tile, correction terms are computed to account for the effects of local 3-D topography on shortwave radiation

over each land unit. We develop and test this procedure based on a set of Monte Carlo ray tracing simulations approximating

the true radiative transfer process over three dimensional topography. Domains located in three distinct geographic regions

(Alps, Andes, and Himalaya) are included in this study to allow for independent testing of the methodology over surfaces15

with differing topographic features. We find that accounting for the sub–grid spatial variability of solar irradiance originating

from interactions with complex topography is important as these effects lead to significant local differences with respect to the

plane-parallel case, as well as with respect to grid–cell scale average topographic corrections. We further quantify the impor-

tance of the topographic correction for a varying number of terrain clusters and for different radiation terms (direct, diffuse,

and reflected radiative fluxes) in order to inform the application of this methodology in different ESMs with varying sub-grid20

tile structure. We find that even a limited number of sub–grid units such as 10, can lead to recovering more than 60% of the

spatial variability of solar irradiance over a mountainous area.
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1 Introduction

The presence of three-dimensional topography exerts an important control on the amount of solar radiation received by land.25

Over complex terrain, the incoming solar beam does not only undergo scattering and absorption within the atmospheric column,

but is further modulated by the relative orientation of land surfaces, as well as by the potential shading and reflection effects by

neighbouring slopes (Sirguey, 2009; Lenot et al., 2009; Lamare et al., 2020; Picard et al., 2020). The effect of surface roughness

was recently shown to have important effects over snow covered surfaces, leading to a net decrease in surface reflectivity (Larue

et al., 2020).30

Together, these effects lead to a spatially heterogeneous distribution of the radiative fluxes received by the surface. In turn,

this heterogeneity can have important consequences for the local energy and water balance, and interact with other spatially–

varying land processes such as evaporation (Brutsaert, 2013), snow melting (McCabe and Clark, 2005; Bales et al., 2006;

Sirguey et al., 2009) and vegetation dynamics (Granger and Schulze, 1977; Gu et al., 2002).

Representing these processes at increasingly fine scales is the goal of state-of-the-art land components of Earth System35

Models (ESMs) (i.e., land models). However, global circulation models (GCMs) routinely compute shortwave radiative fluxes

based on plane-parallel (PP) radiative transfer schemes which do not account for the effect of topography. This discrepancy

poses a challenge for adequately capturing sub–grid scale processes in land models.

Several models have been proposed to account for the interaction of downward solar irradiance with complex topography,

accounting for slope orientation and shading effects (Isard, 1986; Hay and McKay, 1985; Duguay, 1993) as well as for the40

effect of surrounding slopes (Dozier, 1980; Dubayah et al., 1990; Dozier and Frew, 1990).

A recently developed radiation parameterization was developed to predict radiative fluxes over mountainous terrain via mul-

tiple linear regression (Chen et al., 2006; Lee et al., 2011). This approach (henceforth termed LLH) links flux corrections over

mountains to a set of grid-cell average terrain variables which summarize the three-dimensional nature of the land surface and

are used as predictors for shortwave fluxes. The LLH parameterization for shortwave radiation over mountains has been imple-45

mented in Global Climate Models (GCMs) and the Weather Research and Forecasting (WRF) model; it has been extensively

tested over the Tibetan plateau and the Western United States (Liou et al., 2007; Essery and Marks, 2007; Gu et al., 2012; Lee

et al., 2013, 2015, 2019).

However, it is expected that sub–grid variability of these topographic effects may play a relevant role given the heterogeneous

nature of surface reflectivity and topographic features at scales smaller than the typical GCM grid cell. The importance of50

accounting for sub grid–scale topography when correcting shortwave radiative fluxes over mountains was recently pointed out

by an application of LLH to the DOE E3SM Exascale Earth System Model, varying model resolution over a range of scales

relevant for land processes (Hao et al., 2021).

This problem is especially relevant since in recent years the development of land models has increasingly been focusing on

the description of sug–grid variability of terrain properties (Tesfa and Leung, 2017; Chaney et al., 2018). For example, in the55
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current iteration of the GFDL land model, this objective is achieved by summarizing grid cell heterogeneity in sets of land

units (termed "tiles") characterized by approximately homogeneous physical features (Shevliakova et al., 2009; Milly et al.,

2014; Zhao et al., 2018; Dunne et al., 2020), including elevation, land cover, soil properties, and other environmental variables

(Chaney et al., 2018). In the GFDL land model such a sub-grid representation has not been yet tailored to describing the

interaction of shortwave radiation with topography. The objective of this work is bridging this discrepancy and developing a60

sub–grid parameterization for the effects of radiation over complex topography in the GFDL land model.

The sub–grid model structure is constructed using a hierarchical multivariate clustering approach (Chaney et al., 2016, 2018)

to partition land domains in a set of clusters or tiles. Tiles are here defined as land units characterized by homogeneous

topographic effects with respect to downward shortwave radiation. Thus, the terrain variables used for clustering land surfaces

encode the physical mechanisms determining the spatial variability of radiative fluxes, such as shading and reflection from65

nearby slopes.

This clustering approach provides a parsimonious way to include high-resolution terrain information in global ESM simu-

lations while limiting the number of sub–grid element employed. For each terrain tile, characterized by homogeneous terrain

properties, we then develop an average correction to the downward solar fluxes to account for the effects of local topography.

This approach thus bridges the gap between the scale at which radiation and other physical processes are represented in the70

GFDL ESM, and allows to study how the sub-grid heterogeneity of these processes impacts the long term evolution of the

coupled physical system.

In the following, we present this new methodology and test it over three mountainous sites located in different geographic

regions (Alps, Andes, Himalayas), showing how model resolution and number of tiles impact the performance of the method-

ology. Given the wide range of spatial scale involved in the description of sub–grid topography, we evaluate the performance75

of the parameterization across scales, focusing in particular on the possible nonlinear dependence of incident radiation on

topographic features, and validating the model over independent sites.

The paper is organized as follows: we first review the existing parameterization for radiation over rugged terrain (Lee et al.,

2011), and tailor it to our problem. This in turn requires training a model to predict topography-driven corrections for radiative

fluxes based on terrain properties. Finally, we present the clustering algorithm used to divide the domain study in tiles, so as to80

compute local flux corrections over homogeneous regions.

The approach is then validated using different domains for independent training and testing of the methodology (Sec. 3.2),

exploring the effects of terrain resolution and possible consequences of nonlinear radiation-topography interactions. Finally,

we explore how different tiling structures with increasing resolution improve the representation of the spatially varying radi-

ation fields over mountains (Sec. 3.4). We close by discussing assumptions and limitations of the proposed methodology, and85

suggesting future developments.
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2 Methods

In order to properly account for the effects of land heterogeneity on the radiative transfer in ESMs, key variables must be

obtained from high-resolution terrain data sets and properly summarized in order to capture their �ne-scale effects on shortwave

radiation �uxes. To this end, here we start by de�ning the radiative and terrain variables used to predict radiation over 3D90

topography. Then, we describe (i) the Monte Carlo ray tracing algorithm used for training and testing the predictive model, (ii)

the terrain clustering algorithm used to classify land units based on the local topographic effects on radiation �uxes, and (iii)

the predictive models used to link terrain properties to radiative �uxes in each land cluster. Together, these three steps provide

a framework for computing �ne-scale corrections to the shortwave radiation received by sub–grid land units in the GFDL land

model.95

2.1 Characterizing shortwave radiation over mountainous terrain

A parameterization explicitly accounting for the effects of 3D topography on the shortwave radiation budget was proposed

by Lee et al. (2011) based on the results of Monte Carlo photon tracing simulations (Chen et al., 2006). Here we adopt a

similar approach and, following the formalism introduced by Lee et al. (2011), classify the shortwave radiation incident at a

target point at the surface into 5 distinct components: The direct and diffuse downward solar �uxes (Fdir andFdif ), and their100

terrain-re�ected counterparts (Frdir , Frdif ), which represent respectively direct beam or diffuse photons reaching the target

site after a single re�ection from neighbouring terrain. Finally, a coupled �ux component (Fcoup ) consists of photons �rst

re�ected by the surface, and then either back-scattered by the atmosphere or re�ected multiple times by the surface before

reaching the target site. For a �at surfaceFrdir ;Frdif = 0 while Fdir ;Fdif ;Fcoup 6= 0 in general. We note that in the GFDL

land model, diffuse radiation received by a �at surface with albedo� ( Fdif; [LM j � ] ) corresponds here to the sum ofFdif and105

Fcoup . We note that these quantities can be computed separately by computing �rst the diffuse �ux corresponding to a black

surface (Fdif; [LM j � =0] ), case in which the coupled �ux is zero, and by then computing the coupled �ux for the actual land

surface asFcoup = Fdif; [LM j � ] � Fdif; [LM;� =0] . Conversely, the diffuse �ux can be obtained asFdif = Fdif; [LM j � =0] . Based

on this formalism, the normalized �ux differences between the traditional plane-parallel (PP) case and the topography-aware

case (3D) are the quantities object of our analysis which can be used to correct the shortwave radiative balance in ESMs.110

Following Lee et al. (2011), these quantities are expressed as

f dir =
F (3D )

dir � F (P P )
dir

F (P P )
dir

; f dif =
F (3D )

dif � F (P P )
dif

F (P P )
dif

; f rdir =
F (3D )

rdir

F (P P )
dir

; f rdif =
F (3D )

rdif

F (P P )
dif

; f coup =
F (3D )

coup � F (P P )
coup

F (P P )
coup

(1)

where the re�ected-direct and -diffuse components are normalized with respect to the corresponding non-re�ected �ux

component since they are equal to zero in the plane-parallel case (Lee et al., 2011). These quantities are de�ned in Eq. (1)

for a given surface albedo value. While direct and diffuse component are independent of surface albedo, the re�ected �ux115

components are linearly dependent on albedo. Finally, the coupled �ux is nonlinearly dependent on surface albedo. A schematic

representation of these �ux components is reported in Figure 1. Predicting these �vef i terms over land tiles representing
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Figure 1. Conceptual representation of the �ve �ux components used to characterize the nature of downward shortwave �uxes over rugged

terrain, following the formalism used by Chen et al. (2006) and Lee et al. (2011). The �gure includes the direct radiation �ux (a), and diffuse

radiation (b), consisting of photons which are absorbed at the surface target P after undergoing atmospheric scattering. Direct-re�ected (c),

and diffuse-re�ected (d) �uxes represent photons which are re�ected once at the surface. Finally, the coupled (e) �ux component include

light undergoing multiple re�ections at the surface, or re�ection at the surface and then atmospheric scattering. For all components, the �gure

shows paths incident at a pointP at the surface.

heterogeneous terrain properties is the objective here. To this end, a predictive model linking thef i 's to tile terrain properties

is necessary. To train such a model we use ray tracing simulations which are discussed next.

2.2 A Monte Carlo Ray tracing algorithm120

Due to the complex interactions involved, topographic effects on shortwave radiation are generally studied based on Monte

Carlo (MC) ray tracing techniques, which approximate the three dimensional radiative transfer process by tracking the fate of

a large number of photons (Miesch et al., 1999; Chen et al., 2006; Mayer et al., 2010).

Here, in order to develop a predictive model for the 3D radiation correction terms, we employed a MC algorithm (sometimes

referred to as photon tracing or ray tracing algorithm) to approximate the true physics of radiation–topography interactions.125

These high-resolution simulations are used to calibrate the predictive models for topographic effects over each tile, and to

validate the proposed parameterization. The MC scheme explicitly describes the interaction of downwelling shortwave radi-

ation with a 3D surface corresponding to a region characterized by complex topography. The algorithm was implemented in

a software package which is made available in the online supplementary material. The MC method has been widely used to

study radiation interaction with 3D surfaces (Chen et al., 2006; Lee et al., 2011; Mayer, 2009; Mayer et al., 2010; Villefranque130
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Figure 2. Location of the three land domains selected for this study. For each location, the 90-meters resolution digital elevation used in the

study is shown.

et al., 2019; Larue et al., 2020). The MC model adopted here broadly follows previous models developed by Chen et al. (2006)

and Mayer (2009).

In our MC algorithm, photons are randomly released at the top of atmosphere (TOA) and travel in a direction determined

by the Sun's zenith� 0 and azimuth� 0 angles. After a path of random length, which depends on the optical properties of the

medium, the photon encounters scattering or absorption based on the single scattering albedo properties of the atmospheric135

constituents (Fu and Liou, 1992; Liou, 2002). In the present simulation, we used for each site optical properties computed from

the RRTMGP radiation code (Pincus et al., 2019) using the GFDL AM4 model (Zhao et al., 2018). We note that the Monte

Carlo model is run of�ine, prescribing the atmospheric pro�le and solar position in each model run. The atmospheric column
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