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ABSTRACT  

Accurate estimation of snow water equivalent (SWE) and snow depth using passive microwave 

(PMW) observations is a challenge, especially in the presence of dense vegetation. It is commonly 

acknowledged that overlying vegetation and atmosphere layers tend to attenuate PMW radiation 

emitted from the underlying snow pack while simultaneously adding their own contributions to the 

signal as measured by a radiometer. Therefore, it is recommended to first decouple the non-SWE 

related brightness temperature (Tb) signal, including both atmospheric and forest-related signals, 

from the satellite-based Tb observations given the eventual goal of improving SWE and snow 

depth estimation across regional- and continental-scales. Previous studies showed that atmospheric 

decoupling could be conducted through atmospheric transmissivity retrieval using existing 

satellite-derived total precipitable water (TPW) products. However, no agreement has been 

reached yet on putting forward an effective forest decoupling procedure used for estimating SWE 

and snow depth in the presence of moderate to dense forest cover. The study presented here 

attempted to explore the utilization of the MODIS global LAI product (MCD15A2)  in order to 

derive the regional forest transmissivity of microwave frequencies, which is a critical parameter in 

determining the forest-related PMW Tb constituents between 10 GHz and 37 GHz. Assessment of 

the decoupled snow Tb accuracy using the MODIS LAI product were conducted via comparison 

against multiple ground-based SWE and snow depth measurements. A simple, linear SWE 

retrieval algorithm as a function of spectral difference between 18.7 GHz and 36.5 GHz was 

employed using either the original (unadjusted) or decoupled Tb (after implementing both 

atmospheric and forest decoupling). SWE estimation using the decoupled Tb yielded a 7.5% 

reduction in bias and a 6.2% reduction in the root mean squared error relative to SWE estimation 

using the original (uncoupled) Tb when compared against ground-based measurements from the 

SNOw TELemetry (SNOTEL) network in the United States. Utilization of the decoupled Tb 

shows a stronger linear relationship between the spectral difference of Tb and SWE (and snow 

depth), which highlights the utility of a parsimonious forest decoupling technique to improve 

snow estimation. 
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INTRODUCTION 

    Snow is a significant contributor to the Earth’s hydrologic cycle, energy cycle, and climate 

system. It is a vital natural resource that more than one billion people globally are dependent on as 

their major freshwater supply (Foster et al., 2011). Characterization of the mass of snow, or snow 

                                                 
1
 Department of Civil and Environmental Engineering, University of Maryland 



201 

 

water equivalent (SWE), across regional and continental scales has commonly been conducted 

using remotely-sensed measurements from space-borne instrumentation, primarily in the form of 

passive microwave (PMW) brightness temperature (Tb) measurements. However, the simple 

assumption underlying these SWE retrieval products, namely the (quasi-) linear relationship 

(Chang et al., 1987, Chang et al., 1997, Clifford, 2010, Tait & Armstrong, 1996) between the 

electromagnetic response and the physical characteristics of SWE, has largely undermined the 

effectiveness of employing this approach in the context of wet snow, moderately deep snow, depth 

hoar, ice crusts, sub-grid scale lake ice, non-uniform snow stratigraphy, and dense vegetation. 

(Derksen et al., 2005, Langlois et al., 2010, Langlois et al., 2011, Pardé et al., 2005, Roy et al., 

2012, Roy et al., 2014, Tedesco & Narvekar, 2010). It is commonly acknowledged that overlying 

vegetation attenuates PMW radiation emitted from the underlying snow pack and at the same time 

contributes its own signal as measured by the radiometer. On the other hand, the overlying 

atmosphere can attenuate surface emission while simultaneously emitting its own radiation 

towards the satellite. As a consequence, these non-SWE related Tb signals, arising from both 

atmospheric and forest effects, are deemed as two significant sources of uncertainty in satellite-

based SWE and snow depth retrieval algorithms. 

 

Successful atmospheric and forest decoupling requires accurate estimation of atmospheric and 

forest transmissivity as a function of wavelength and polarization. In the current study, a relatively 

simple parameterization for atmospheric transmissivity as a function of total precipitable water 

(TPW) (Kerr & Njoku, 1999, Langlois et al., 2010) atmospheric transmissivity is used across 

North America. In terms of forest transmissivity, a relatively simple parameterization as a function 

of leaf area index (LAI) is employed. 

METHODOLOGY 

    Atmospheric (Tedesco & Wang, 2006) and forest effects (Dong et al., 2005) are considered 

two of the main sources of uncertainty in PMW-based SWE estimation. In this study, each source 

is systematically decoupled and evaluated as described below. 

1. Atmospheric decoupling from PMW Tb observations 

One of the dominant PMW Tb measurement uncertainty sources arises from the atmosphere, 

particularly when the observations are at high microwave frequencies (i.e., greater than 10 GHz) 

(Choudhury & Pampaloni, 1995). The observed Tb at frequency 𝑓, 𝑇𝑏𝑜𝑏𝑠,𝑓 [K], from a satellite 

can be described as: 

 𝑇𝑏𝑜𝑏𝑠,𝑓 = 𝑇𝑏𝑎𝑡𝑚,𝑓
↑ + 𝑇𝑏𝑠𝑢𝑟𝑓,𝑓 ∙ 𝑡𝑎𝑡𝑚                    Eq. 1 

 

where 𝑇𝑏𝑎𝑡𝑚,𝑓
↑  [K] is due to upwelling atmospheric emission, 𝑡𝑎𝑡𝑚,𝑓  [-] is the atmospheric 

transmissivity, and 𝑇𝑏𝑠𝑢𝑟𝑓,𝑓 [K] is the surface radiation emission term given by: 

 

 𝑇𝑏𝑠𝑢𝑟𝑓,𝑓 = (1 − 𝑒𝑓) ∙ 𝑇𝑏𝑎𝑡𝑚,𝑓
↓ + 𝑒𝑓 ∙ 𝑇𝑏′𝑠𝑢𝑟𝑓,𝑓                    Eq. 2 

 

where 𝑒𝑓 [-] is the surface emissivity, 𝑇𝑏𝑎𝑡𝑚,𝑓
↓  [K] is due to downwelling atmospheric emission, 

𝑇𝑏′𝑠𝑢𝑟𝑓,𝑓  [K] is the effective surface emission term. Given the high emissivity of snow in the 

microwave band between 10 GHz and 37 GHz , the downward 𝑇𝑏𝑎𝑡𝑚,𝑓
↓  reflected to the satellite 

and through the atmosphere is assumed negligible (Langlois et al., 2011).  

 

The transmission coefficient at frequency 𝑓, 𝑡𝑎𝑡𝑚,𝑓, is obtained from the optical thickness 𝜏𝑓 

as: 

 𝑡𝑎𝑡𝑚,𝑓 = exp(−
𝜏𝑓

𝑐𝑜𝑠𝜃
)                    Eq. 3 

where 𝜃 is the incidence viewing angle (toward nadir) of the radiometer. Calculations of 𝜏𝑓 using 

semi-empirical equations are described below as a function of the hourly TPW in the atmosphere, 



202 

 

which can be obtained from the NASA Modern Era Retrospective-analysis for Research and 

Applications (MERRA) (Rienecker et al., 2011) product: 

 

 𝜏𝑓 = 𝑎1𝑓 + 𝑏1𝑓 ∙ 𝑇𝑃𝑊                     Eq. 4 

 

where 𝑎1𝑓 , 𝑏1𝑓are empirical regression coefficients as functions of frequency. Further, calculation 

of 𝑇𝑏𝑎𝑡𝑚,𝑓
↑  is given by (Choudhury & Pampaloni, 1995): 

 𝑇𝑏𝑎𝑡𝑚
↑ = (𝑇𝑎 − (𝑐1𝑓 + 𝑑1𝑓 ∙ 𝑇𝑃𝑊))× (1 − 𝑡𝑎𝑡𝑚,𝑓)        Eq. 5 

 

where 𝑇𝑎 [K] is the near-surface (~2 meters) air temperature derived from MERRA. 𝑐1𝑓 , 𝑑1𝑓 are 

empirical regression coefficients. The adjusted Tb after atmospheric decoupling, 

𝑇𝑏𝑑𝑒𝑐𝑜𝑢𝑝𝑙𝑒−𝑛𝑜𝑎𝑡𝑚,𝑓 [K], is now solved as:  

 
𝑇𝑏𝑑𝑒𝑐𝑜𝑢𝑝𝑙𝑒−𝑛𝑜𝑎𝑡𝑚,𝑓 ≈

𝑇𝑏𝑜𝑏𝑠,𝑓−𝑇𝑏𝑎𝑡𝑚,𝑓
↑

𝑡𝑎𝑡𝑚
.                    Eq. 6 

 

Evaluation of atmospheric decoupling used independent, airborne radiometer measurements 

for comparison against both the original and atmospherically-decoupled Tbs collected by AMSR-

E. Due to the relatively short distance between the airborne radiometer and the target on the 

surface, it is assumed that atmospheric effects on airborne-collected Tb are negligible, and hence, 

when aggregated in space can be used for comparison with the atmospherically-decoupled Tbs at 

10.65 GHz, 18.7 GHz and 36.5 GHz at both vertical and horizontal polarizations. Tb observations 

at higher (>85 GHz) frequencies are heavily influenced by additional atmospheric processes (e.g., 

precipitable clouds), and as a result, the parsimonious atmospheric decoupling procedure proposed 

above is no longer applicable. Therefore, the overall evaluation of the proposed atmospheric 

decoupling procedure of Tb at 10.65 GHz, 18.7 GHz and 36.5 GHz can be conducted via 

comparison to the multi-band polarimetric airborne Tb measurements collected by Environment 

Canada (EC), and Canadian International Polar Year (IPY) Field Project Campaign (Langlois et 

al., 2011).  

2. Forest decoupling from the partly-decoupled PMW Tb observations 

After removing the atmospheric component from the original Tb, the partly-decoupled Tb 

(𝑇𝑏𝑑𝑒𝑐𝑜𝑢𝑝𝑙𝑒−𝑛𝑜𝑎𝑡𝑚,𝑓) is now a mixture of forested and snow-covered areas, which can be written 

as: 

 𝑇𝑏𝑑𝑒𝑐𝑜𝑢𝑝𝑙𝑒−𝑛𝑜𝑎𝑡𝑚,𝑓 = 𝐹 ∙ 𝑇𝑏𝑓𝑜𝑟𝑒𝑠𝑡,𝑓 + (1 − 𝐹) ∙ 𝑇𝑏𝑠𝑛𝑜𝑤,𝑓 

= 𝐹𝑡𝑓𝑜𝑟𝑒𝑠𝑡,𝑓(1 − 𝜔𝑓𝑜𝑟𝑒𝑠𝑡,𝑓)(1 − 𝑡𝑓𝑜𝑟𝑒𝑠𝑡,𝑓)(1 − 𝑒𝑠𝑛𝑜𝑤,𝑓)𝑇𝑓𝑜𝑟𝑒𝑠𝑡⏟                                      
(𝑎)

+ 

𝐹(1 − 𝜔𝑓𝑜𝑟𝑒𝑠𝑡,𝑓)𝑒𝑓𝑜𝑟𝑒𝑠𝑡,𝑓𝑇𝑓𝑜𝑟𝑒𝑠𝑡⏟                    
(𝑏)

+ (1 − 𝐹)𝑇𝑏𝑠𝑛𝑜𝑤,𝑓⏟          
(𝑐)

+ 𝐹𝑡𝑓𝑜𝑟𝑒𝑠𝑡,𝑓𝑇𝑏𝑠𝑛𝑜𝑤,𝑓⏟          
(𝑑)

 

 

Eq. 7 

where subscript 𝑓  is the microwave frequency; F [-] is the forest fraction obtained from the 

Moderate Resolution Imaging Spectroradiometer (MODIS) forest product (MOD44B) (Hansen et 

al., 2003);𝑇𝑓𝑜𝑟𝑒𝑠𝑡  [K] is the canopy (skin) temperature estimated by the NASA Catchment land 

surface model (Catchment) (Koster et al., 2000); 𝑡𝑓𝑜𝑟𝑒𝑠𝑡,𝑓 [-] is the forest transmissivity;  𝑒𝑓𝑜𝑟𝑒𝑠𝑡,𝑓 

[-] is the forest emissivity; 𝑒𝑠𝑛𝑜𝑤,𝑓  [-] is the snow emissivity; 𝜔𝑓𝑜𝑟𝑒𝑠𝑡,𝑓  is the forest single 

scattering albedo (𝜔𝑓𝑜𝑟𝑒𝑠𝑡 ≈ 0.06at AMSR-E frequencies and polarizations) (Meissner & Wentz, 

2010, Njoku & Li, 1999); 𝑒𝑓𝑜𝑟𝑒𝑠𝑡,𝑓 can be written as (1−𝑡𝑓𝑜𝑟𝑒𝑠𝑡,𝑓 − 𝜔𝑓𝑜𝑟𝑒𝑠𝑡,𝑓) and 𝑒𝑠𝑛𝑜𝑤,𝑓 can be 

computed as the ratio between the Tb of the snow (𝑇𝑏𝑠𝑛𝑜𝑤,𝑓) and the physical temperature of the 

snow pack (𝑇𝑠𝑛𝑜𝑤) where 𝑇𝑠𝑛𝑜𝑤  can be obtained from the NASA Catchment model. As such, 

except for 𝑇𝑏𝑠𝑛𝑜𝑤,𝑓, only one unknown parameter in the Eq. (7) has not been solved yet, namely, 

forest transmissivity. 
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Figure 1. Contributions to the PMW Tb observations using AMSR-E. Term (a) in Eq. (7) is due to the 

downwelling forest emission reflected upward by the snow surface (see marker “3”), term (b) in Eq. (7) is 

due to the direct forest emission (see marker “4”), term (c) in Eq. (7)  is due to the direct emission from snow 

in the forest-free regions (see marker “1”) and term (d) in Eq. (7)  is due to the snow emission under forest 

canopy (see marker “2”). Marker “5” is the upwelling atmospheric constituent of the measured brightness 

temperature. The downward atmospheric emission reflected to the satellite is assumed negligible. 

 

Previous studies demonstrated that forest transmissivity between 10 GHz and 37 GHz is 

strongly correlated with both LAI and stem volume (SV) [m
3 

ha
-1

] where the SV can also be 

modeled as a function of the LAI, written as (Beets et al., 2008, Beets et al., 2011): 

 

 SV [m
3
/ha] = 𝑎 ∙ 𝐿𝐴𝐼 + 𝑏                     Eq. 8 

 

where 𝑎 and 𝑏 are regression coefficients. LAI values were obtained from the MODIS global LAI 

and fraction of photosynthetically active radiation Collection 5 product (MCD15A2) produced 

between 2002 through present at a 8-day time step at a 1-km resolution. Each LAI tile was 

mosaicked onto a single LAI map in the North America domain and re-projected (using the 

MODIS reprojection tool) and re-gridded onto the 25 km × 25 km Equal-Area Scalable Earth Grid 

(EASE-Grid) as a function of time using the Delanay triangulation interpolation. The re-gridding 

step is essential since it allows different information sources to be aligned on a coincident grid. As 

the LAI did not change rapidly across the study domain during winter time (results not shown), it 

was deemed reasonable to assume a monthly-averaged (derive from eight-day averages) LAI is a 

reasonable approximation. The availability of LAI mapping allows for the forest transmissivity to 

be modeled as a function of SV shown below (Kruopis et al., 1999, A. Langlois et al., 2010): 

 

𝑡𝑓𝑜𝑟𝑒𝑠𝑡,𝑓 = 𝑚 + (1 − 𝑚) ∙ exp(−𝑛 ∙ (𝐹 ∙ 𝑆𝑉))          Eq. 9 

where m and n are semi-empirical regression coefficients as a function of frequency and 

polarization. As such, Eq. (1) can be re-written as: 

 

 
𝑇𝑏𝑠𝑛𝑜𝑤,𝑓 =

𝑇𝑏𝑐𝑜𝑟𝑟𝑒𝑐𝑡−𝑛𝑜𝑎𝑡𝑚,𝑓 − 𝐹𝑇𝑓𝑜𝑟𝑒𝑠𝑡 + 𝐹𝑇𝑓𝑜𝑟𝑒𝑠𝑡𝑡𝑓𝑜𝑟𝑒𝑠𝑡,𝑓
2

𝐹𝑡𝑓𝑜𝑟𝑒𝑠𝑡,𝑓 + 1 − 𝐹 −
𝐹𝑡𝑓𝑜𝑟𝑒𝑠𝑡,𝑓(1 − 𝑡𝑓𝑜𝑟𝑒𝑠𝑡,𝑓)𝑇𝑓𝑜𝑟𝑒𝑠𝑡

𝑇𝑠𝑛𝑜𝑤

. 
  Eq. 10 

 

 

      Evaluation of the results from the forest decoupling procedure employed ground-based SWE 

and snow depth measurements. The original or the decoupled Tbs (with both atmospheric and 

forest decoupling) between 18.7 GHz and 36.5 GHz collected by AMSR-E were used to compute 

SWE and snow depth using the methods of Chang et al. (1987). An inverse distance weighting 

(IDW) method was adopted to alleviate scale differences between satellite-scale Tb observations 
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and point-scale snow observations. The IDW assigned greater weights to points (i.e., EASE-Grid-

averaged SWE estimates) closest to the prediction location with the weights diminishing as a 

function of distance. The power parameter (i.e., diminishing factor) in the IDW method was set to 

two based on Gotway et al. (1996). 

 

DISCUSSIONS AND RESULTS 

1. Results of Atmospheric decoupling from PMW Tb observations 

 The overall evaluation of the proposed atmospheric decoupling procedure of AMSR-E Tb at 

10.65 GHz, 18.7 GHz and 36.5 GHz and at both vertical and horizontal polarizations was 

conducted via comparison to airborne Tb measurements collected by both EC and IPY. Only the 

decoupled 18.7 GHz and 36.5 GHz of Tb observations are shown below in Figure 2 as these two 

frequencies are most pertinent in moderate SWE and snow depth estimation. Airborne Tb 

observations were quality-controlled to filter out Tbs with significantly different viewing angles of 

the radiometer from the AMSR-E 55° viewing angle toward nadir, associated with different 

combinations of airplane pitch, roll and heading angles. 

 

The Tb observations are shown as whisker-and-box plots. Figure 2a) shows results obtained 

from EC on 06 March 2006 in Manitoba, Canada, and observations. Figure 2b) shows results that 

were obtained from EC on 08 April 2008 in Northwest Territories, Canada. The Tb observations 

in Figure 2c) were collected from the IPY airborne Tb measurements on 21 February 2008 in 

Schefferville, Quebec, Canada, while observations in Figure 2d) were collected from one of the 

IPY helicopter-sampling-transects (Heli.L2flight) on 21 February 2008 between Schefferville and 

Sept-Îles, Quebec in Canada. The weighted nearest grid-averaged original AMSR-E Tb 

measurements and the decoupled Tb (with atmospheric decoupling) were marked on each of the 

plot in Figure 2 using the IDW method mentioned above. It is noticeable that after conducting the 

atmospheric decoupling procedure (compared with the unadjusted AMSR-E measurements), the 

decoupled Tb values are closer to the median of the aggregated EC and IPY Tb observations. In 

general, after removing the atmospheric constituent from the measured Tb, the decoupled Tb is on 

the order of +/- 1-3 [K] of the original AMSR-E Tb observations. However, relatively large 

adjustments are witnessed at AMSR-E Tb observations at shorter wavelengths (e.g., 36.5 GHz) 

since they are less transparent to the overlying air compared with longer wavelengths.  
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Figure 2. Comparisons against Tbs collected from EC airborne survey (Figures 2a and 2b) and IPY campaign 

(Figures 2c and 2d) at 18H, 18V, 36H, and 36V in Canada. “18H” along the x-coordinate represents 

microwave propagates at the frequency of 18.7 GHz at horizontal polarization; “18V” represents 18.7 GHz at 

vertical polarization; “36H” represents 36.5 GHz at horizontal polarization; and “36V” represents 36.5 GHz 

at vertical polarization. AMSR-E measurements are marked as red dots and decoupled Tbs (after removing 

the atmospheric component) are marked as green diamonds. The boxes show the median (marked as the red 

line) along with the 25th – and 75th - percentiles while the whiskers show the 5th – and 95th- percentiles.  

2. Results of forest decoupling from partly-decoupled PMW Tb observations 

 
Another significant non-SWE related signal arises from overlying forest effects. SNOTEL 

observation locations are shown as magenta markers in Figure 3a) with MODIS forest cover 

fraction map on 24 Feb 2004. Comparisons of SWE between SNOTEL observations and SWE 

estimates using decoupled Tb (with both atmospheric and forest decoupling components 

decoupled) are shown in Figure 3b). SWE observations are bounded between 0.01 m and 0.33 m 

for moderate snow pack clarity to avoid signal saturation. Given the in-situ SWE observation as 

the “truth”, Figure 3b) demonstrates an improvement of 7.5% in the bias and 6.2% in the root 

mean squared error using snow Tb, compared with the SWE estimates using the original AMSR-E 

Tb observations. The small improvements in the SWE estimates by employing MODIS LAI in the 

proposed forest decoupling technique are encouraging, which motivates future exploration of 

SWE estimate improvements using a more accurate regional LAI mapping technique. 

 

As SNOTEL SWE measurements are known to be not spatially representative (e.g., most 

representative for higher elevation regions) (Molotch & Bales, 2005), especially for a model or 

satellite footprint (e.g., 25 km × 25 km EASE-Grid in the context), the IPY in-situ SWE and snow 

depth measurements were obtained in order to better validate the accuracy of the proposed forest 

a) b)

) 

c) d) 
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decoupling procedure. The study domain was Quebec, Canada with snowpit locations shown in 

Figure 3c). The area contains dense coniferous forest (see Figure 3c)), which is the most 

representative and largest biome at high latitudes of the globe (Macelloni et al., 2010). It was 

shown that an increase in the biomass of the coniferous forest region will significantly decrease 

the sensitivity of the measured electromagnetic response to SWE (Macelloni et al., 2010). 

Therefore, the selected snowpits obtained from the IPY campaign were mostly located at northern 

Quebec with approximately 0% - 45% of forest cover such that the measured PMW Tb will not be 

significantly dampened by forest-related Tb signals.  In addition, all in-situ SWE and snow depth 

locations were selected within the Taiga and Tundra snow-covered terrain (Sturm et al., 1995) 

with moderate SWE of less than 250 mm, as these are fairly representative of the two majority 

snow types in the study area (see Figure 3e)).  

 
 

 
 

 
 

Figure 3. Comparisons against SNOTEL SWE measurements (Figures 3b), IPY in-situ SWE measurements 

(Figure 3d), and IPY in-situ snow depth measurements (Figure 3f). Forest cover fraction map in the North 

a) 

c) 
d)

) 

e) f) 
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America and Quebec and Newfoundland, Canada are shown in Figure 3a) and Figure 3c), respectively. The 

snow classification map (Sturm et al., 1995) of the Quebec, Canada is shown in Figure 3e). 

Comparisons of SWE between IPY SWE measurements and SWE estimates using decoupled 

snow Tb are shown in Figure 3d). The improvement of the linearity between the snow Tb spectral 

difference (relative to the unadjusted AMSR-E Tb spectral difference) and the in-situ SWE 

measurements highlights the effectiveness of the proposed forest decoupling procedure. Similarly, 

when compared with in-situ snow depth measurements against snow depth estimates using the 

decoupled snow Tb and the original AMSR-E Tb, the coefficient of determination (R
2
) has 

increased from 0.36 to 0.59.  

 

Another independent dataset of in-situ snow depth measurements were obtained from the 

Global Surface Summary of the Day (GSOD) product (see Figure 4a)). There were in total 24 

available GSOD stations in Quebec, Canada in the first week of February 2007. Only the GSOD 

station #71827 was selected since it is located relatively far from open water or lakes in the area. 

Comparisons of snow depth were conducted between GSOD snow depth measurements, snow 

depth estimates using decoupled snow Tbs (with the regression coefficients retrieved from red 

dots in Figure 3f), and snow depth estimates using the original (undecoupled) AMSR-E Tb (with 

the regression coefficients retrieved from black dots in Figure 3f). It is demonstrated in Figure 4b) 

that the weekly-averaged snow depth estimates using decoupled snow Tb are improved by 6.15% 

relative to those using the unadjusted original Tb.  

 

 

Figure 4. The GSOD stations map in Quebec and Newfoundland, Canada is shown in Figure 4a). Retrievals 

of snow depth using both original AMSR-E Tb measurements and decoupled snow Tbs are shown in Figure 

4b), in order to compare with the measured snow depth at station #718270 from 01 Feb 2007 to 08 Feb 2007.    
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