
Utah State University Utah State University 

DigitalCommons@USU DigitalCommons@USU 

All Graduate Theses and Dissertations Graduate Studies 

5-2017 

Modeling and Projection of the North American Monsoon Using a Modeling and Projection of the North American Monsoon Using a 

High-Resolution Regional Climate Model High-Resolution Regional Climate Model 

Jonathan D.D. Meyer 
Utah State University 

Follow this and additional works at: https://digitalcommons.usu.edu/etd 

 Part of the Climate Commons 

Recommended Citation Recommended Citation 
Meyer, Jonathan D.D., "Modeling and Projection of the North American Monsoon Using a High-Resolution 
Regional Climate Model" (2017). All Graduate Theses and Dissertations. 5802. 
https://digitalcommons.usu.edu/etd/5802 

This Dissertation is brought to you for free and open 
access by the Graduate Studies at 
DigitalCommons@USU. It has been accepted for 
inclusion in All Graduate Theses and Dissertations by an 
authorized administrator of DigitalCommons@USU. For 
more information, please contact 
digitalcommons@usu.edu. 

http://library.usu.edu/


10 
southwest United States can be highly variable in space and time. Across the northern 

periphery, convective activity is closely tied with the frequency and intensity of gulf 

moisture surges, which despite occurring in nearly every monsoon season, have a large 

interannual (Brenner 1974) and interseasonal (Stensrud et al. 1997) variability. 

 

 

 

Fig. 1.3 Mean pilot balloon winds (dashed) and streamlines (solid) analysis at 450m AGL 
at 1200, 1800, 0000, and 0600 UTC over the monsoon region. Isotachs with contours at 
3, 5, and 7 m s-1 are also shown at 1200 UTC with the jet core shaded in the 1200 UTC 
panel. Terrain shading represents elevations above 915 m (3000 ft), 1830 m (6000 ft), 
and 2745 m (9000 ft). Taken from Douglas (1995). 
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Fig. 1.4 taken from Adams and Comrie (1997) illustrates the various components 

associated with the gulf surge phenomena. Mesoscale modeling studies by Stensrud et al. 

(1997) point to a few key components that when aligned, produce the strongest gulf 

surges. In the upper levels, the corresponding passage of a westward-moving mid-latitude 

trough with an easterly tropical wave helps enhance the synoptic northerly transport of 

tropical moisture. This enhanced synoptic moisture transport can be further augmented by 

the mesoscale moisture transport associated with the GoC LLJ. Lastly, the presence of a 

semi-permanent low-level thermal low that develops from the intense surface heating 

over the lowlands of the Colorado River valley helps further draw in moisture.  

 

1.4 Global teleconnections and interannual                                                             

variability of the North American monsoon 

Whereas land and ocean systems help control the development and maintenance of 

the NAM, so do the anomalies within these systems help modulate the interannual 

variability. Due to the significantly dry mean annual conditions across the region, the 

interannual variability of the NAM can be quite large. In fact, the interannual variability 

in parts of the southwest United States can exceed the mean seasonal rainfall itself 

(Higgins et al. 1998). At the most fundamental level, the primary driving factor on NAM 

variability comes from the variability of global ocean SSTs, which can have both direct 

effects on the evolution and intensity of the NAM and indirect effects from antecedent 

climate conditions. 
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Fig. 1.4 Conceptualization of the various components involved in the gulf surge 
phenomena. Taken from Adams and Comrie (1997). 
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Technically, the impacts of western United States snow cover and soil moisture on 

the timing and evolution of the NAM system represents a direct effect. Zhu et al. (2005) 

described the connection between antecedent wintertime snowpack conditions such as 

springtime soil moisture and surface temperature with summertime rainfall across the 

southwest United States. This connection exists due to seasonal spatiotemporal variability 

of wintertime snowpack. As the spring equinox approaches and increasing solar 

insolation drives the spring meltoff shifts the landscape to a lower surface albedo, 

increasing net absorbed radiation. As the soil and surface become exposed, the increasing 

net radiation is preferentially partitioned towards latent heat of evaporation as opposed to 

sensible heat acting to warm the ground. An inverse relationship exists where wet winters 

tend to lead to later snowmelt and greater soil moisture, which can delay the timing of the 

necessary asymmetrical land-ocean heating driven by peak land-surface heating as the 

region’s soil dries. Thus, variability in the wintertime conditions can directly affect the 

timing of the onset of the monsoon. Observational analysis by Higgins et al. (1998) 

showed that timing of onset plays a role in total seasonal NAM rainfall. By extending 

(shortening) the NAM season, years with early (late) NAM onset typically ended with 

above (below) average monsoon rainfall totals.  

 

Although the direct impacts through the surface energy budget help modulate NAM 

variability, this mechanism actually represents an indirect effect when considering the 

variability of western United States wintertime precipitation is remotely modulated 

through teleconnections associated with ocean SSTs. Higgins et al. (1998) made the 

connection between equatorial Pacific SST variability and the aforementioned western 
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United States wintertime precipitation. This El Nino Southern Oscillation (ENSO) affects 

winter and springtime storm track over the West Coast on an approximately four- to 

seven-year frequency. In addition to the equatorial Pacific SST effects through the ENSO 

teleconnection, Mo and Paegle (2000) found a multi-decadal link between north Pacific 

SSTs and NAM variability that once again, influences western United States storm 

tracks. By directly influencing antecedent snow pack, these ocean teleconnections have 

an indirect effect on the NAM system and ultimately, the interannual variability of 

rainfall across the region.    

 

In addition to indirect effects from antecedent climate conditions, past studies have 

found direct impacts from remote global teleconnections on the development and 

maintenance of the NAM system. Carleton et al. (1990) found a positive relationship 

between the evolution of the sub-tropical ridge and the surrounding Pacific Ocean, GoC, 

and GoM SSTs. Additionally, the spatiotemporal variability in SSTs can directly impact 

the magnitude and location of peak surface evaporation. Where above average SSTs are 

found, elevated surface evaporation can be entrained by the overlying NAM circulation 

resulting in periods of strong and frequent moisture surge events that can contribute to a 

strong overall NAM season.  

 

1.5 Climate modeling and projecting the future of the NAM  

Several unique types of modeling approaches are used to project future climate. 

Ranging from coarse-resolution global climate models (GCM) to higher-resolution 

regional climate models (RCM), each approach has a unique set of advantages and 
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disadvantages that ensures there is no perfect modeling approach for future climate 

projections. Due to the obvious societal implications, much effort has been given to 

investigating the impact of global warming on the future NAM system.  

 

1.5.1 Global climate models 

The Climate Model Intercomparison Project (CMIP) is an international assembly of 

GCM models independently developed by various nations including U.S. agencies. 

Investigation into global monsoon shifts in each of the phases 2, 3 and 5 of CMIP GCM 

simulations has shown an ensemble consensus for a shift in seasonality (delayed onset 

and retreat phases) with greater late season rainfall for the global monsoon system 

(Seager et al. 2007, CMIP2; Seth et al. 2011, CMIP3; Cook and Seager, 2013, Seth et al. 

2013, CMIP5). During the pre-onset stage of the global monsoon season (May and June), 

increased tropospheric stability from a warmer climate and lesser low-level atmospheric 

moisture from decreased evapotranspiration reinforce each other to create what is 

commonly referred to as the springtime “convective barrier.” As the warm season 

progresses, increasing moisture convergence eventually overcomes this convective 

barrier resulting in a period of moderately enhanced precipitation activity relative to 

historical normals for the period (Seth et al. 2010). For the NAM, Bukovsky et al. (2013) 

reported that a combination of poorly resolved land-atmosphere interactions and biased 

atmospheric circulation led to CMIP simulations that contained sufficient uncertainty and 

spread between individual ensemble members.  
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The main deficiency of CMIP models stems from horizontal grid spacing, which is 

too coarse to appropriately describe finer-scale processes linked to complex terrain, 

coastlines or large surface heterogeneities (McGregor, 1997); all of which play a 

measureable role in the NAM system. In fact, mountain/no mountain GCM experiments 

performed by Broccoli and Manabe (1992) highlighted the importance of regional 

topography when developing a vigorous circulation across the global monsoon systems. 

Furthermore, studies by Lee et al. (2007) and Collier and Zhang (2007) describe the 

positive impact from increased horizontal resolution on the diurnal cycle of precipitation 

and the role of mesoscale processes such as those dependent on the Gulf of California 

(GoC). 

 

1.5.2 Regional climate models 

To circumvent the limitations of coarse-resolution GCM projections, either statistical 

or dynamical downscaling methods are used to describe small-scale processes that are not 

captured by GCM output. Statistical downscaling is the least computationally intensive 

method and uses an empirical relationship between GCM output and finer-scale station 

observations. Dynamical downscaling utilizes a higher resolution limited area model 

based on physical principles (Dickinson et al., 1989). Commonly referred to as a RCM, 

dynamic downscaling applications are often considered more capable as they have the 

potential to capture fine spatial-scale non-linear effects that statistical downscaling does 

not (Denis et al. 2002; Antic et al. 2004). With higher time and space resolutions, and 

more sophisticated physics, dynamic modeling results are greatly improved, thus 

resulting in stronger reliability in future climate projections over the coarser resolution 
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GCM output (Xu and Yang, 2012). Through higher horizontal resolution, RCMs have 

already proven to add value over GCM applications and produce a more realistic 

historical NAM (Higgins et al. 2006; Gutzler et al. 2009; Castro et al. 2012; Bukovsky et 

al. 2013; Bukovsky et al. 2015; Meyer and Jin, 2015). By including more of the 

interactions across spatial scales, future projections simulated using an RCM can be 

considered more reliable when compared to a GCM where certain climate mechanisms 

are diminished or even neglected.  

 

As summarized in Warner et al. (1997), one limitation of RCMs is their dependence 

on GCM output for initial conditions (IC) and lateral boundary conditions (LBC). 

Systematic biases inherent to the GCM output are subsequently transmitted, and 

potentially magnified by internal non-linear model feedbacks within the RCM (Warner et 

al. 1997; Noguer et al. 1998; Misra et al. 2003; Christensen et al. 2008; Bruyère et al. 

2013). These transmitted biases add uncertainty within the RCM and in extreme cases 

can render the RCM inferior to the GCM (Kanamaru and Kanamitsu, 2007). Recently, in 

an attempt to reduce uncertainties in RCMs, various GCM bias correction techniques 

have proven effective in improving their performance (Kanamaru and Kanamitsu, 2007; 

Misra, 2007; Jin et al. 2011; Colette et al. 2012; Bruyère et al. 2013; White and Toumi, 

2013). Most commonly used is the specific bias correction process where individual LBC 

variables are subjected to long-term, mean (climatological) bias correction (MBC). MBC 

is a simple and straightforward procedure that has proven effective in improving the 

RCM’s performance in climate modeling (Kirtman et al. 2002; Misra and Kanamitsu, 
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2004; Sato et al. 2007; Cook and Vizy 2008; Wu et al. 2009; Patricola and Cook 2009; 

Xu and Yang, 2012; Jin et al. 2011; Bruyère et al. 2013).  

 

The goals of this project are to simply offer with improved confidence a future 

projection of the state of the NAM with a thorough investigation into the sensitivity of 

specific NAM processes and mechanisms with regard to a warming climate system. 

Specifically, this project aims to answer the question of how impactful are ill-resolved 

climate processes within coarse-resolution GCMs on the future state of the NAM. To 

answer this question, a high-resolution RCM is paired with an augmented version of 

current-practice bias correction used to improve the RCM forcing. By comparing the 

parent GCM with RCM simulations driven by both untouched and bias-corrected GCM 

output, this project gains insight into the impact of climate modeling approach on the 

various impactful NAM processes while revealing the reliability that each approach is 

accurately resolving the NAM environment. 
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CHAPTER II 

OBSERVATIONS OF WESTERN UNITED STATES SNOWPACK USING THE 

SNOWPACK TELEMETRY (SNOTEL) NETWORK 

 

Abstract 

Observations of the springtime maximum of snowpack across the western United 

States can provide a useful indicator for seasonal predictability of the North American 

Monsoon. Therefore, quantifying the accuracy of these observations is crucial in order to 

better understand the limitations when using such observations to predict NAM onset and 

seasonal intensity. Here, we investigated the accuracy of snow water equivalent (SWE) 

observations when compared to accumulated precipitation (AP) observations compiled 

by 748 SNOwpack TELemetry stations. Our analysis suggests a regionally dependent 

systematic bias between SWE measurements and AP. Often observed, SWE outpaces 

accumulated precipitation (AP) which can be statistically and physically explained 

through (1) precipitation under-catchment and/or (2) drifting snow. Forty-four percent of 

the 748 stations studied reported at least one year where the maximum SWE was greater 

than AP, while sixteen percent of the stations showed this inconsistency for at least 20% 

of the observed years. Regions with a higher likelihood of inconsistency contained drier 

snow and are exposed to higher winds speeds, both of which are positively correlated to 

drifting snow potential. Days when SWE increased but AP remained constant occurred 

on an average of 10.75 days per year for all stations, with 31% greater wind speeds at 10 

meters for such days (using reanalysis winds). Findings suggest accurate SWE 
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observations throughout the Cascade Mountains and lower elevations of the Interior West 

while indicating a potential for overestimated SWE observations throughout the higher 

elevations of the Rocky Mountains, Utah mountain ranges, and the Sierra Nevada. 

 

1. Seasonal prediction of the North American monsoon using snowpack  

Antecedent wintertime conditions across the western United States can influence the 

timing of onset and seasonal intensity of the North American Monsoon (NAM; Gutzler 

and Preston 1997). Variability in the region’s snow cover, soil moisture and temperature 

influences the timing of NAM onset by modulating the partitioning of net radiation 

through the surface energy budget (Zhu et al. 2005). As such, the observations of the 

region’s snow cover are often used as a predictor for the impending NAM season. 

Therefore, it is important to acknowledge the uncertainties and biases associated with 

these observations. This study investigates sources responsible for a frequently observed 

inconsistency between measurements of snow water equivalent (SWE) and accumulated 

precipitation (AP) reported by the SNOwpack TELemetry (SNOTEL) network (Schaefer 

et al. 1996). The inconsistency occurs in the sense that SWE exceeds AP (which is 

physically unlikely) at some point in time or throughout the snow season. Possible biases 

of the SNOTEL observations have been attributed to the two distinct measuring devices 

in observing SWE and AP (Johnson and Marks 2004): While SWE is measured using a 

snow pillow sensor equipped with a pressure transducer, AP is measured with a standard 

30.5-cm orifice storage-type gauge (equipped with an alter shield to reduce turbulence 

around the gauge orifice and maximize catch efficiency). Bias in SWE measurement 

occurs when temperature differences exist between surrounding ground cover and the 
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pillow sensor, creating uneven distribution of snow between the sensor and the 

surrounding ground cover. However, these conditions can lead to both under- and over-

measurement depending on the snowmelt conditions and the snow density rate of change 

(Johnson and Marks, 2004), so the bias should be random throughout the whole network. 

Regarding AP, it is known that the accuracy of precipitation catchment decreases with 

increasing wind speed (Neff, 1977). The types of gauge similar to those of the SNOTEL 

network have a margin of error between 10% and 50%, possibly more in mountainous 

regions (WMO, 2008). Losses in AP due to wetting or evaporation and trace 

underestimates may also contribute to the bias. 

 

The SNOTEL network was designed to observe surface meteorological variables for 

hydrologic and climatic uses. Given the now 30-year data period, SNOTEL observations 

have been used extensively used for the depiction of decadal trends in surface 

hydrological conditions (Serreze et al., 1999, 2001; Fassnacht et al., 2003; Mote et al., 

2004; Hamlet et al., 2005; Carson, 2007; Pederson et al., 2011) and to evaluate against 

climate model simulations (e.g., Jin and Miller 2011). Thus, a comprehensive 

understanding of possible biases influencing the SNOTEL data is paramount. This paper 

examines the full archive of SNOTEL data and addresses one potential cause for the 

frequently observed systematic inconsistency between SWE and AP. 

 

2. Methodology and datasets  

SNOTEL stations operate on a water year (October 1 – September 30) and report at 

least daily values of SWE and AP (near surface air temperature is also measured but is 
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not examined in this study). SWE and AP values are reset to zero on October 1 of each 

year. SWE and AP are reported in inches with a sensor resolution of 0.1 inch (2.54 mm). 

In addition to the ~800 SNOTEL stations currently in operation (NRCS 

http://www.wcc.nrcs.usda.gov/nwcc/inventory), we also utilize six-hourly 10-m winds 

from the North American Regional Reanalysis (NARR) for investigation of drifting 

snow. NARR assimilates meteorological and land-surface observations and outputs data 

on a 32-km horizontal resolution grid (Mesinger et al., 2006). Accurate representation of 

10-m wind conditions over complex terrain on daily scales is not possible; however, 

comparison of ambient wind conditions of each SNOTEL site under various synoptic 

scenarios is still useful.  

 

To avoid undue biases in the daily measurements of SWE and precipitation due to 

reporting errors, data used in this study was subjected to two quality control (QC) filters. 

QC filters address the following issues: (1) accurate reset and appropriate daily 

corrections of SWE and AP for new water years and (2) allowable number of missing 

data points in a usable year for either SWE or AP. These filters ensure the most reliable 

daily measurements as well as remove years with large gaps in the data where accurate 

observations are questionable. A final count of 748 stations remained after exclusion of 

stations throughout the state of Alaska and unfit stations removed through QC filtering. 

Here, ice-bridging conditions leading to uneven distribution of snow are assumed to have 

negligible effects on daily observations as they typically occur during the transition from 

late winter to spring and this study focuses on the snow accumulation period before melt 

conditions occur. 
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3. Biases between snow water equivalent and accumulated precipitation 

Under ideal conditions, any measurements of SWE greater than AP suggest that more 

water is contained within the snowpack than has been observed as precipitation. Fig. 2.1 

illustrates (a) such a situation between SWE and AP, and (b) the daily difference between 

the two variables measured at Tony Grove, for water year 2005 (areas of red/blue 

indicate where SWE is greater/less than AP). SWE remains below AP in the early water 

year, as expected, but then increases to exceed and outgrow AP around January. SWE 

then remains greater than AP until the maximum SWE (MSWE) value predates the 

spring melt off. By using the difference between the MSWE and the associated AP we 

examine the frequency and magnitude of the inconsistency between SWE and AP 

throughout the SNOTEL network. Instances when the MSWE was at least 5% greater 

than the associated AP were used to identify “inconsistent years” of a particular station, 

ignoring years with smaller differences. Fig. 2.1c illustrates the actual number of 

occurrences throughout the network, while Fig. 2.1d shows the percentage of occurrence 

(number of years divided by total number of years on record). Forty-four percent of the 

748 stations studied reported at least one year where the maximum SWE was greater than 

AP, with inconsistencies found in at least 20% of the observed years for 16 percent of the 

stations. Computed differences between the average MSWE and AP for all years when 

MSWE was greater than AP are shown in Fig. 2.1e to illustrate regions with the largest 

inconsistency throughout the network. It is apparent that the inconsistency between 

MSWE and AP is geographically dependent. For instance, a much higher and 

concentrated likelihood of inconsistency occurs in the Rocky Mountains, the Utah 

mountain ranges and the Sierra Nevada. Conversely, stations throughout the Pacific  
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Northwest generally show little to no occurrences of yearly MSWE greater than AP. 

Geographical correlation of inconsistencies between MSWE and AP (Fig. 2.1 c-e) 

provides evidence for a systematic (regional) controlling factor for the frequency and 

magnitude of such inconsistencies. When attempting to predict impending NAM onset 

and seasonal intensity, this regional proclivity for where SNOTEL bias occurs throughout 

much of where Zhu et al., (2005) found the highest correlations between antecedent 

wintertime conditions and the NAM. Taken from Zhu et al., (2005), Fig. 2.2a shows the 

correlation between June-September NAM rainfall across Northern Mexico and parts of 

Arizona and New Mexico with antecedent January-March precipitation. Fig. 2.2b shows 

the correlation between April SWE and May/June surface air temperature between 1965-

99 and suggests that southern Rocky Mountain snow cover could be a key factor 

influencing surface temperature, and thus the development of the NAM. Note that much 

of the statistically significant area (shaded grey) occurs over the Colorado and Utah 

ranges as well as the southern extent of the Sierra Nevada range where SNOTEL SWE 

observations contain the greatest bias. 

 

We next examine whether or not the geographically systematic inconsistency between 

MSWE and AP, as shown in Fig. 2.1 is related to biases resulting from precipitation 

under-catchment and snow drifting. Since a region’s proclivity for snow drifting is a 

function of snow condition and wind speed, where snow condition determines the 

necessary wind speed threshold to initiate transport of the snow particles, we first analyze 

the climatological 10-m wind fields.  


