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Abstract 10 

Accurate representation of surface reflectivity is essential to tropospheric trace gas retrievals 11 

from solar backscatter observations. Surface snow cover presents a significant challenge due to 12 

its variability and thus snow-covered scenes are often omitted from retrieval data sets; however, 13 

the high reflectance of snow is potentially advantageous for trace gas retrievals. We first 14 

examine the implications of surface snow on retrievals from the upcoming TEMPO 15 

geostationary instrument for North America. We use a radiative transfer model to examine how 16 

an increase in surface reflectivity due to snow cover changes the sensitivity of satellite retrievals 17 

to NO2 in the lower troposphere. We find that a substantial fraction (>50%) of the TEMPO field 18 

of regard can be snow covered in January, and that the average sensitivity to the tropospheric 19 

NO2 column substantially increases (doubles) when the surface is snow covered.  20 

We then evaluate seven existing satellite-derived or reanalysis snow extent products against 21 

ground station observations over North America to assess their capability of informing surface 22 

conditions for TEMPO retrievals. The Interactive Multisensor Snow and Ice Mapping System 23 

(IMS) had the best agreement with ground observations (accuracy of 93%, precision of 87%, 24 

recall of 83%). Multiangle Implementation of Atmospheric Correction (MAIAC) retrievals of 25 

MODIS-observed radiances had high precision (90% for Aqua and Terra), but underestimated 26 

the presence of snow (recall of 74% for Aqua, 75% for Terra). MAIAC generally outperforms 27 

the standard MODIS products (precision of 51%, recall of 43% for Aqua; precision of 69%, 28 
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In this work, we examine the importance of accurate snow identification by using a 87 

radiative transport model to evaluate how the vertical sensitivity of a satellite retrieval is 88 

impacted by surface reflectance. We then assess seven snow extent products that are expected to 89 

continue to be operational during the TEMPO mission using in situ observations across North 90 

America with the intent of determining which product is best suited for providing snow cover 91 

information for TEMPO and other future satellite retrievals. Finally, we combine radiative 92 

transfer model results with a snow extent product to show how including snow-covered scenes 93 

improves both the quantity and quality of information in a retrieval data set. 94 

 95 

2. Data and algorithms 96 

2.1. Gridded snow products 97 

2.1.1. IMS 98 

One of the most widely used sources of snow extent data is the Interactive Multisensor 99 

Snow and Ice Mapping System (IMS). IMS provides daily, near-real-time maps of snow and sea 100 

ice cover in the Northern Hemisphere at 4 km resolution (Helfrich et al., 2007). The maps are 101 

produced by a trained analyst using visible imagery from a collection of geostationary (e.g. 102 

GOES, MeteoSat) and polar orbiting (e.g. AVHRR, MODIS, SAR) satellite instruments, with 103 

additional information from microwave sensors (e.g. DMSP, AMSR, AMSU), surface 104 

observations (e.g. SNOTEL), and models (e.g. SNODAS) (Helfrich et al., 2007). By using 105 

multiple sources of information with different spatial resolution and temporal sampling, IMS can 106 

minimize interference from clouds.  107 

2.1.2. MODIS 108 

A second commonly used snow and ice product is derived from MODIS satellite 109 

observations from the Terra and Aqua satellites (Hall and Riggs, 2007). Terra and Aqua have 110 

sun-synchronous, near-polar orbits with overpass times of 1030 and 1330, respectively. Snow 111 

cover is calculated using a Normalized Difference Snow Index (NDSI), which examines the 112 

difference between observed radiation at visible wavelengths (where snow is highly reflective) 113 

and short infrared wavelengths (where there is little reflection from snow). Observations are 114 
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made at 500 m spatial resolution and aggregated to produce daily snow cover fractions on a 115 

0.05° resolution grid. Past evaluations of the standard MODIS snow product show good 116 

agreement in cloud-free conditions but often snow is misidentified as cloud (Hall and Riggs, 117 

2007; Yang et al., 2015). 118 

The Multiangle Implementation of Atmospheric Correction (MAIAC) algorithm is 119 

another algorithm processing MODIS observations. MAIAC retrievals uses radiances observed 120 

by the MODIS Aqua and Terra satellites to provide atmospheric and surface products including 121 

snow detection on a 1 km grid (Lyapustin et al., 2011a, 2011b, 2012). While the NDSI used by 122 

the standard MODIS product is also used by MAIAC as one of the criteria, the overall snow and 123 

cloud detection in MAIAC are different from the standard MODIS algorithm (Lyapustin et al., 124 

2008).  125 

2.1.3. NISE 126 

The Near-real-time Ice and Snow Extent (NISE) provides daily updated snow cover 127 

extent information on a 25x25 km grid (Nolin et al., 2005). NISE uses microwave measurements 128 

from the Special Sensor Microwave Imager/Sounder (SSM/I) on a sun-synchronous, quasi-polar 129 

orbit to observe how microwave radiation emitted by soil is scattered by snow. Products based 130 

on microwave measurements such as NISE are known to miss wet and thin snow, as wet snow 131 

emits microwave radiation similar to soil, and thin snow does not provide sufficient scattering.  132 

2.1.4. CMC 133 

The Canadian Meteorological Centre (CMC) Daily Snow Depth Analysis Data is a 134 

statistical interpolation of snow depth measurements from 8,000 surface sites across Canada and 135 

U.S. interpolated using a snow pack model (Brasnett, 1999). Unlike the aforementioned satellite 136 

products that provide snow extent, CMC provides snow depths. Daily snow maps are produced 137 

at 25 km resolution. As it a reanalysis product, there is a time delay in availability. The CMC 138 

snow depths show good agreement with independent observations over midlatitudes and is 139 

considered an improvement over previous snow depth climatologies (Brown et al., 2003). 140 

2.2 Surface observations 141 
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Table A1). All data sets have weaker performance metrics during the spring melt season, which 253 

has been observed in past evaluations (Frei et al., 2012). IMS has the highest F score in winter 254 

and autumn but is slightly outperformed by MAIAC in spring. Data sets were also evaluated at 255 

their native resolutions and at a common 25 km resolution (Appendix Tables A2-3). Results are 256 

similar at each resolution with two exceptions: MODIS Aqua and Terra products perform better 257 

when regridded from their native 0.05° resolution to a 4 km resolution as it reduces the number 258 

of grid boxes missing observations due to cloud, and MAIAC Aqua and Terra perform better at 259 

their native resolution than at either 4 km or 25 km as degrading the spatial resolution results in a 260 

loss of information.  261 

For all data sets, recall is generally low in two regions: along the Pacific coastline where 262 

snow depths are relatively thin and in the south when snow is rare and generally short lived. Thin 263 

snow is likely to be less homogenous across a pixel and more likely to be obscured by forest 264 

canopies or tall grasses, and thus is difficult to observe from satellite imagery. Short-lived snow 265 

in the south is likely to be missed by satellite observations, especially since clouds are often 266 

present. However, as IMS uses multiple observations at multiple times of day in addition to 267 

incorporating ground station data, it is more likely to find snow in these cases than other satellite 268 

products (Hall et al., 2010). Overall, IMS has best agreement with in situ observations, with the 269 

highest accuracy, recall, and F statistic and relatively high precision.  270 

 While CMC also has strong performance metrics, it is important to consider the 271 

information source used to describe snow extent in each product. Products based on satellite 272 

observations are advantageous when assessing how surface reflectivity affects backscattered 273 

radiation observed from space. For example, thin snow, or snow obscured by tree canopies, may 274 

not affect the observed brightness from space, but would be considered snow-covered by a 275 

product based on surface observations (e.g. CMC). Also, the reflectivity of a snow-covered 276 

surface decreases over time as the snow ages (Warren and Wiscombe, 1980); This effect would 277 

not be captured by snow depth measurements. Additionally, while snow depth has been used as 278 

an indicator of brightness (Arola et al., 2003), it cannot account for snow aging or canopy 279 

effects. IMS is based on visible satellite imagery and thus determines snow extent based on 280 

brightness from space, which is more applicable to satellite retrievals. And while most satellite-281 

based products rely on observations made at a single overpass time and viewing geometry, IMS 282 
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We evaluated seven snow extent data sets to determine their usefulness for informing 312 

satellite retrievals of trace gas from solar backscatter observations. All products were more likely 313 

to misidentify snow over mountains or where snow cover is thin or short lived. IMS had the best 314 

agreement with in situ observations (F=0.85), and as a satellite-based, operational, daily updated 315 

product, it is well suited for informing TEMPO satellite retrievals. The low recall value (0.45) 316 

for NISE indicated that a significant number of snow-covered pixels are missed.  The standard 317 

MODIS products showed medium precision and low recall owing to cloud contamination. The 318 

MAIAC products had the highest precision (0.90 for both Aqua and Terra) of those tested, but is 319 

conservative in ascribing the presence of snow (recall of 0.74 for Aqua, 0.75 for Terra). CMC 320 

had strong performance metrics (F=0.81), but as a reanalysis product based on ground 321 

observations it may not appropriately represent how a surface snow reflectivity would affect 322 

TEMPO-observed radiances.  323 

The potential improvements in NO2 retrieval performance over snow-covered scenes 324 

outlined here were tested for clear-sky conditions. The accuracy of cloud retrieval schemes also 325 

impacts the quality of trace gas retrievals. Many cloud retrieval schemes have difficulty 326 

distinguishing between a bright surface and bright, low-altitude clouds; This may diminish the 327 

impact that improved surface snow reflectance can have on observation frequency and sensitivity 328 

when clouds are present. However, using accurate surface snow cover information may also lead 329 

to corresponding improvements in cloud retrieval accuracy.  330 

Future work should investigate snow reflectance products that could be used when snow 331 

is detected. This could potentially include BRDFs that describe reflection at different viewing 332 

angles, as this effect has been shown to have significant impact on retrieved NO2 columns and 333 

clouds (Lorente et al., 2018; Vasilkov et al., 2017). Accurate knowledge of snow reflectivity is 334 

also needed to improve retrievals over snow. A retrieval algorithm that combines daily snow 335 

detection from IMS with a climatology of snow reflectance has the potential to greatly improve 336 

upon current methodologies.  337 

 338 

6. Data Availability 339 
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 548 

 549 

Figure 1: Surface reflectivity at UV-visible wavelengths for snow-covered and snow-free 550 

conditions for January 2013. White space in top panel indicates that no snow reflectance 551 

information is available. 552 

 553 
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 554 

Figure 2: Observation sensitivity to NO2. Scattering weight profiles calculated for cloud-free 555 

OMI NO2 retrievals, with and without surface snow cover, for January 2013 at (Left) 42° N, 99° 556 

W with a solar zenith angle (ZA) of 60° and (Right) 58° N, 76° W with a solar zenith angle of 557 

79°. 558 





24 
 

 565 

Figure 4: Number of false positive (FP) and false negative (FN) snow attributions by the snow 566 

data sets in 2015. All data sets are evaluated at 4 km resolution. Total number of false snow 567 

attributions inset. White space indicates that no ground stations are present.  568 
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 569 

Figure 5: Statistical metrics to evaluate snow cover products. All data sets are gridded at 4 km 570 

resolution. White space indicates that no ground stations are present. 571 








