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1.1 ABSTRACT 

    

     Accurate regional and local scale information about seasonal climate variability and its 

impact on water availability is important in many practical applications like agriculture, water 

resource planning, long term decision making etc. Presently, the primary source for real time 

seasonal climate forecast comes from the Climate Prediction Center (CPC) within the NOAA 

National Center for climate Prediction (NCEP) which uses its model forecast component 

(CFSv2) of North American Multi-Model Ensemble (NMME). But it has been observed that in 

comparison to the cool season, the level of skill in warm season seasonal forecasts of 

precipitation produced by the NMME is much lower (Kirtman et al. 2014) due to the poor 

climatological representation of warm season convective precipitation. To fully realize the 

potential in improving warm season seasonal forecasts using a dynamical modeling approach 

requires dynamical downscaling of NMME models to better improve their representation of 

convective precipitation. Specifically, a convective-permitting (3km) scale is required to 

explicitly represent thunderstorms in a regional model. Also, for basin scale study, coarse 

resolution models must be downscaled to create high spatial resolution information. This study 

addresses a method useful to improve the seasonal forecasting and to get reliable precipitation 

and streamflow projection for use in practical purposes where the reanalyses of Climate Forecast 

System (CFS) model is dynamically downscaled to analyze the credibility of Regional Climate 

Model products when mean and extreme precipitation is concerned. A decade long dynamically 

downscaled RCM simulation is generated using Weather Research and Forecasting model 

(WRF) with a 12-km spatial resolution covering the Colorado River basin by dynamically 

downscaling CFSR data. An additional convective-permitting nested domain (3km resolution) is 
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included for the WRF simulation for specific sub basins of Southwest U.S region. In this study, 

we have shown the credibility of regional climate model product in representing mean 

climatology as well as climatology of extreme precipitation events in Upper and Lower Colorado 

basin. It is evident that use of regional model adds value to the reanalyses in terms to better 

special and temporal representation which is also consistent with previous studies (Prien et al. 

2015, Liu et al. 2016) and appears to be an important initial step towards seasonal to subseasonal 

(S2S) forecasting using downscaled product from global CFS forecast models.   

Key Terms: Regional climate model, streamflow, seasonal forecasting, downscaling, water 

resource 

 

1.2 INTRODUCTION 

1.2.1 Background and Motivation 

 

     Natural resource stakeholders in the western U.S., for water resources, agriculture, energy and 

emergency hazard management need reliable seasonal to subseasonal (S2S) forecasts for long 

term decision making. The timescale of S2S forecasting is two weeks out to twelve months, in-

between short-range operational numerical weather prediction and long-range climate 

projections as defined in a recent 2016 National Academies report entitled Next Generation 

Earth System Prediction: Strategies for Subseasonal to Seasonal Forecasts. S2S forecasts are 

useful for critical planning and management decisions in multiple sectors integral to the 

wellbeing of the nation, including agriculture, energy, water resources, and emergency 

preparedness. Presently the primary source for real-time seasonal climate forecasts come from 

the CPC with the NOAA NCEP. CPC constructs its seasonal forecast through use of several 

different tools, the most important one being multiple global seasonal forecast models produced 
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by North American Multimodel Ensemble (NMME; Kirtman et al. 2014) which consists of 

approximately ten different global seasonal forecast models. The NMME model forecasts reflect 

the influence of natural climate variability on atmospheric dynamics on a S2S timescale. 

Hydroclimate seasonal predictability is the Southwest is highly dependent on natural climate 

variability related to coupled ocean-atmosphere modes of variability, on inter annual and longer 

timescales (i.e. El Nino Southern Oscillation, Pacific Decadal Oscillation, Atlantic Multidecadal 

Oscillation). These modes of climate variability influence the deterministic seasonal forecast of 

the large scale atmospheric circulation over North America within the NMME models. Multi-

RCM Downscaling of Global Seasonal Forecasts (MRED) project used multiple regional models 

to test the usefulness of downscaling a global seasonal forecast model.  They downscaled 23 

years of winter (Dec.-Apr.) reforecasts from the NOAA Climate Forecast System (CFS) version 

1 model over a coterminous U.S. domain with 32 km grid spacing.  Each regional model 

dynamically downscaled each member of a 10 member CFS ensemble every winter during the 

reforecast period 1982-2004. MRED showed that even when using a relatively coarse meso-β 

gird spacing of 32 km, dynamical downscaling can add skill to a global S2S model forecast 

(Shukla and Lettenmaier 2013).  The largest improvements in forecast precipitation were 

obtained in regions where the global models already demonstrated some skill (De Haan et al. 

2015). Meso-β scale or coarser are inadequate to explicitly represent monsoon thunderstorms and 

other limitations. Also, for basin-scale study, coarse resolution global climate models with grid 

spacing on the order of 100s of kilometers must be downscaled to create high spatial resolution 

information. In a project of Southwest Climate Science Center, it was found that statistically 

downscaled streamflow tends to underestimate the extremes in streamflow in the Southwest, 

including even the relatively large upper Colorado Basin. The course resolution global climate 
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model output does not resolve terrain-forced precipitation processes and the temporal 

disaggregation fails to account for the temporal sequencing of extreme precipitation events.  

     Also, in comparison to the cool season, the level of skill in warm season seasonal forecast of 

precipitation produced by the NMME is much lower (Kirtman et al. 2014), potentially due to the 

poor climatological representation of warm season convective precipitation. For example, the 

North American Monsoon is not captured as a salient feature in the previous version CFSv1 

global seasonal forecast model (Yang et al. 2009; Castro et al. 2012). So, it is hypothesized that 

to realize the potential in improving warm season precipitation predictability in North America, 

including the North American monsoon in the Southwest, using a dynamical modeling approach 

requires dynamical downscaling of reanalysis data to better improve their representation of 

convective precipitation. Specifically, a convective-permitting scale is required to explicitly 

represent thunderstorms in a regional model. This type of modeling is already being done to 

produce operational weather forecasts by the National Weather Service to improve operational 

forecasts but not for climate projection. Thus, analysis of the products downscaled from CFS 

atmospheric reanalyses and having known the value added by it can lead us towards a better 

seasonal to sub seasonal forecasting by downscaling forecast products form global S2S models. 

1.2.2 Literature review 

1.2.2.1 Precipitation in Southwest 

 

Southwest United States experiences seasonal maxima in precipitation in both cool and warm 

seasons. Cool season precipitation, in the approximate period of November through April, is 

from the occasional passage of synoptic scale mid latitude cyclones, which cause widespread and 

relatively steady precipitation (Ropelewski and Halpret, 1986). By contrast, during the warm 
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season precipitation is from localized convective storms associated with the North American 

Monsoon Systems (NAMS) mainly during July and August (Adams and Comrie, 1997). It is well 

known that cool season precipitation in the southwest United States is influenced by large-scale 

forcing, principally the combination of the El Nino Southern Oscillation (ENSO) and Pacific 

Decadal Variability (PDV) (Ropelewski and Halpret, 1986,1987; Redmont and Koch,1991; 

Gershunov and Barnett,1998; McCabe and Dettinger,1999; Higgins et al.,2000; Gultzer et al. 

2002). During a typical El Nino winter a positive Pacific North America (PNA) pattern is 

favored, resulting in a trough over the central North Pacific, a ridge over the northwest United 

States and western Canada and a trough over the southwest United States (Wallace and Gultzar, 

1981; Blackmon et al. 1984; Ropelewski and Halpret, 1986; Trenberth 1990; Leathers et al., 

1991). Cool and warm season atmospheric teleconnections and their potential predictability are 

also changing in association with observed and projected long-term changes in global-scale 

atmospheric circulation in a warming world. The positioning and strength of the monsoon ridge 

modulates the precipitation in southwest and central United States and central United states, such 

that there is an out-of phase relationship in interannual warm season precipitation variability 

between these regions (Tang and Rieter, 1984; Okabe, 1995; Higgins et al. 1997; Barlow et al., 

1998; Castro et al. 2001; Castro et al. 2007a, 2007b). When the monsoon ridge is strong and 

positioned anomalously north or northeast of its climatological position, the central United States 

is relatively dry and the southwest United States monsoon is early and wet. When the monsoon 

ridge is suppressed to the south with an upper level trough over the western United States, the 

central United States is relatively wet on the east side of the trough and the southwest United 

States monsoon is late and dry (Carleton et al., 1990; Harrington et al., 1992; Gutzler and 
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Preston, 1997; Mo et al., 1997; Higgins et al., 1999; Higgins and Hsi, 2000; Castro et al. 2001; 

Castro et al. 2007a, 2007b).  

1.2.2.2 Need for Seasonal forecasting 

 

     The need for improved seasonal forecasts during the warm season (May to September) in the 

United States is particularly urgent.   During this time of year, “billion-dollar disaster events” as 

defined in the NCEI database caused by severe weather, heat waves and drought, wildfire, and 

flooding are likely becoming more extreme in an anthropogenically-driven warming global 

climate (e.g. Meehl et al. 2000; Min et al. 2011).  Changes in global precipitation in the recent 

observational record generally support a “wet gets wetter, dry gets drier” hypothesis, increasing 

precipitation when it is climatologically favored to occur and decreasing it when it is not (e.g. 

Hsu et al. 2011; Wang et al. 2012).  An increase in atmospheric blocking has been observed in 

recent decades (Croci-Maspoli et al. 2007), leading to increasing and more persistent extreme 

weather events in the mid-latitudes (Francis and Vavrus 2012; Screen and Simmons, 2014).  In 

this respect, warm season climate appears to become more extreme in conjunction with large-

scale atmospheric circulation (or teleconnection) patterns that are the primary drivers of 

continental-scale variations in wet and dry conditions on seasonal timescales (e.g. Chang et al. 

2015, Coumou et al. 2014)   A confident conclusion of climate change projections is that 

convective precipitation generally intensifies in a warming world (Muller et al. 2011; Ban et al. 

2015), further escalating the socioeconomic costs of extreme warm season weather and climate 

events.  Convective precipitation has already exhibited significant increases in intensity in recent 

decades in conjunction with increases in atmospheric moisture and instability (Trenberth, 2011; 

Holloway and Neelin, 2009).   
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1.2.2.3 Extreme Events 

 

Observational evidence of global monsoon precipitation in the Northern Hemisphere in the late 

20th and early 21st centuries generally supports a “wet gets wetter, dry gets drier” hypothesis, 

with increased precipitation during the summer when the monsoon is active and less 

precipitation during the winter when it is not (e.g. Hsu et al., 2011; Wang et al. 2012). Extreme 

precipitation events have increased globally, and this has been linked to anthropogenic forcing 

(Groisman et al., 2005; Min et al., 2011). However, the change in extremes may not be uniform 

across all the regions (Trenberth et al 2007) or change in proportional with the increase in the 

mean global water vapor content (Pall et al 2007). A global mean increase in precipitation 

intensity is expected in a warming world, as the water vapor holding capacity of the atmosphere 

is exponentially dependent on temperature (Meehl et al., 2000). Observed long term changes in 

the NAMS precipitation intensity is somewhat consistent with global trend. There have been 

increases in observed NAM summer precipitation intensity and frequency in northern Arizona, 

New Mexico and northwest Mexico (Anderson et al., 2010; Arriaga-Ramirez and Cavazos, 

2010). Chang et al. 2015 concluded that mesoscale convective systems (MCS) driven 

precipitation is becoming more extreme within certain phases of the CGT and WPNA patterns 

that favor positive rainfall anomalies in the central and southwestern U.S. They evaluated the 

U.S. warm season precipitation extremes in relation to the standing modes of atmospheric 

teleconnection. Tripathy and Dominguez 2013 found that statistical representation of 

precipitation extremes depends on spatial resolution of model and meso-ϒ models can do better 

than meso-β scale models. So, S2S forecasting should be done with a Numerical Weather Model 

capable of simulations at meso-ϒ scale. 
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1.2.2.4 Convective Permitting Modeling (CPM) 

 

Regional climate models (RCMs) (Dickenson et al. 1989; Georgi and Bates, 1989) are capable of 

providing additional regional details beyond the resolution of global climate simulations and re-

analysis products. With RCMs only limited areas of globe are simulated. The required 

information at the lateral boundaries is usually provided by either global models, reanalyses or 

from larger scale regional models. Over the last decade, RCMs have proven themselves as 

important tools in climate sciences (Wang et al. 2004; Rummukainen 2010) and climate change 

impact research (Finger et al. 2012; Heinrich and Gobiet 2011) and considerable efforts were 

made to further develop and improve RCMs by increasing their complexity and resolution. More 

recently, due to advancement in the field of computer sciences, it is now possible to have higher 

resolved climate simulations with ~10 km horizontal grid spacing (Loibl et al. 2011; Gobiet et al. 

2012). Nevertheless, even with a mesh size of 10 km there are still numerous processes which 

cannot be resolved on the model grid and therefore have to be parameterized. When considering 

the extreme precipitation, GCMs and RCMs with a grid spacing on meso-β scale or coarser are: 

1) inadequate to explicitly represent monsoon thunderstorms and 2) their statistical 

representation of precipitation extremes depends on the spatial resolution, improving with finer 

grid spacing (e.g. Tripathi and Dominguez, 2013). RCM simulations at the meso-ϒ scale (on the 

order of a kilometer grid spacing) are referred to convective-permitting models, because 

thunderstorms may be explicitly represented without the use of convective parameterization. So, 

the most important benefit of convection permitting climate simulations is that error prone deep 

convection parameterization schemes can be omitted as deep convection can be (at least partly) 

resolved explicitly (Weisman et al. 1997). Furthermore, increasing resolution leads to a more 

realistic representation of the orography and land surface. The Colorado Headwaters effort was 
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initiated in the Spring of 2008 as a project within the Research Applications Laboratory's Water 

System program. It is focused on assessing the impact of climate change on winter precipitation, 

snowpack and runoff processes in Colorado's headwater basins using a very high resolution 

(2km) fully coupled atmospheric–hydrologic model and they found that high resolution model 

can simulate seasonal orographic snowfall and snowpack accurately in the Colorado Headwaters 

regions.  

While developed and applied primarily in Europe, Prein et al. (2013) investigated the added 

value of an ensemble of convective permitting climate simulations compared to coarser gridded 

simulations. They simulated temperature, precipitation, relative humidity and global radiation 

fields within two seasons JJA 2007 and DJF 2007-2008 in the eastern part of European Alps. 

The most important added values of CPM were found in the diurnal cycle improved timing of 

summer convective precipitation, the intensity of most extreme precipitation and the size and 

shape of precipitation objects. The improvements are not caused by the higher resolved 

orography but the explicit treatment of deep convection and the more realistic model dynamics. 

Improvements in summer temperature fields can be attributed to higher resolved orography. In 

general, added values of CPM is found in summer, in complex terrain, on small spatial and 

temporal scales, and for high precipitation intensities.  

Prien et al (2015) stated that the climate change signal of CPM simulations are most prominent 

in deep convection, mountainous region or extreme regions. They also mentioned CPMs as very 

promising tool for future climate research. However, coordinated modeling programs are 

crucially needed to advance parameterizations of unresolved physics and to assess the full 

potential of CPMs. So CPM allows much better representation of precipitation extremes in both 

warm and cool season. 
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In a recent study Liu et al., 2016 performed teo 13-year simulations over North America with 4-

km grid spacing and found that it had overall good performance capturing the 

annual/seasonal/sub-seasonal precipitation in the U.S and it is one of the first applications of 

CPM in United States when long term climate simulations are concerned.  

1.2.3 Research Goals 

 

This research will aim to explore a new path towards improved seasonal predictions of 

precipitation events during the warm season within the southwest United States. The goal is to 

demonstrate the value added of convection-permitting modeling to improve the representation of 

climate at seasonal timescale, particularly due to organized convection.  The regional climate 

model improves the climatological representation of precipitation because of its more realistic 

representation of convection and topographic features. Given the importance of atmospheric 

deep convection for extreme events in Colorado river basin, we downscale CFSR reanalysis data 

using a convection-permitting model (CPM), specifically a high-resolution version of the 

Weather Research and Forecasting – Advanced Research WRF model (WRF-ARW. The 

convection-permitting modeling paradigm, when applied in a climate simulation, has the 

advantage of being able to more robustly represent the statistical characteristics of precipitation 

extremes. Seasonal CPM simulations will be performed from 2002 to 2012 and will be compared 

with high resolution Stage IV observation. More broadly we demonstrate the value added of 

CPMs for evaluating changes precipitation extremes. The goal of this study is to downscale 

CFSR particularly because it is the model basis of CFSV2 which, along with other NMME 

models, can be used in S2S forecasting knowing the value added of dynamically downscaled 

CFSR data. 
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Fig 1. Study region in Map 

1.3 Data and Methodology 

 

1.3.1 Data Sources 

 

As summarized by the description on the Climate Data Guide site maintained by the National 

Center for Atmospheric Research, CFSR (Saha et al. 2010) is global high resolution atmospheric 

reanalysis, based on the CFS Version 1 model, designed to best characterize the coupled 

atmosphere-ocean-land-surface-sea ice system for the period 1979-2010. The CFSR global data 

is the basis of CFSv2 model which is the present source of seasonal forecasting. The Weather 

Research and Forecasting- Advanced Research WRF (WRF-ARW) model (Skamarock et al., 

2005) is configured with three nests with the finest resolution of the inner nest being 3 km with 

convective parameterization turned off. Initial and boundary conditions are provided by the 6-

hourly CFSR data set. The quality controlled Stage IV combined NEXRAD radar-gauge 
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precipitation product (http://data.eol.ucar.edu/codiac/dss/id=21.093) is used to compare observed 

precipitation to WRF-modeled precipitation on the CPM simulation domain. The specific dataset 

used is the Hourly Precipitation Data (HPD), digital data set DSI-3240 achieved at the National 

Climatic Data Center (NCDC). To estimate mean climatology CPC quarter degree daily unified 

gauge-based analysis (Higgins et al. 1996) was also used. Though we consider the Stage IV data 

as observational truth in the context of this study, it is important to note these data have problems 

with respect to estimating precipitation in complex terrain, due to issues of lack of rain gauge 

observations and radar beam blockage (Adams et al. 2014; Minjarez-Sosa 2016). 

1.3.2  Study region  

 

The region covered by the coarser domain of WRF is almost the whole southwest United States 

while domain 1 covers upper Colorado basin and domain 2 covers lower Colorado basin. The 

climate simulations are run separately with same global forcing data. The region is of great 

importance and worth studying as it has extreme cool and warm season and those has different 

meteorological forcing. Cool season precipitation is dominated by Atmospheric River events and 

warm season precipitation is mainly forced by atmospheric teleconnections like ENSO, PDO. 

The regions have also huge natural variability. The climatology is also different in these two 

regions a rocky mountain exists between them.  

1.3.3 Methodology 

 

This study uses the CFSR global reanalysis data set for the period 2002-2012 to force the 

Advanced Research Weather Research and Forecasting (WRF-ARW) (Skamarock et al. 2008). 

As discussed previously in Castro et al. (2012), to represent the NAMS in a dynamical modeling 

http://data.eol.ucar.edu/codiac/dss/id=21.093
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system, two conditions must be reasonably satisfied, First the mesoscale physical processes that 

lead to monsoon precipitation must be present in the model, at least to the degree of capturing the 

diurnal cycle of convection. Second, the model should represent the climatology and inter annual 

variability of the large-scale atmospheric circulation. Previous works (Castro et al. 2007a, 

2007b) demonstrated that a regional atmospheric model improves the represent of the NAMS by 

dynamical downscaling global atmospheric reanalyses. That is how the high-resolution RCM is 

able to add value in the representation of climate. UA-HAS WRF operational products have been 

used by variety of public and private sector entities in Arizona during the past decade, especially 

and including for extreme weather events during the monsoon. A good example is the 5 July 

2011 Phoenix dust storm (haboob) event (Raman et al. 2014). Here the RCM simulation is 

carried out with two domains. Outer domain covers the southwest United States (with a 

resolution of 12 km) while the nested domain covers upper Colorado basin (for upper Colorado 

basin simulation) and lower Colorado basin (for lower Colorado basin simulation) which have 

resolution of 3 km (convective-permitting domain). 

RCM WRF version 3.5.1 is used for downscaling CFSR reanalysis. The coarse domain 

horizontal grid is a 147 by 147 lambert projection regular horizontal grid with spacing of 12 km. 

The finer grid size is 273 by 365 with a 3-km horizontal resolution focused on Colorado basin 

(Upper and lower separately for the two simulations). The 28 vertical levels range from the 

surface to 50 hPa.  

Spectral nudging is used to preserve the model representation of large-scale features from 

reanalyses data (von Stroch et al. 2000; Castro et al. 2005; Miguez-Macho et al. 2005; Rockel et 

al. 2008). Spectral nudging performs selective nudging at the largest scales and takes place 

throughout the entire domain at the upper levels of atmosphere for prognostic fields. 
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Geopotential height, U-V winds and temperature are nudged for the 10 vertical layers from the 

top of the atmosphere at wave numbers less than 7. By confining the nudging within the upper 

atmosphere and largest wavelengths, the variability of the synoptic scale circulation features may 

be maintained during the model integration, while allowing the RCM to still add value at the 

smaller scales. Also, Liu et al 2016 stated the appropriateness of spectral nudging in the 

downscaling study over continental U.S.  Model parameterization information is shown in table 

1.   

Precipitation in the model, particularly in the summer, is controled by the convective 

parameterization scheme. The K-F scheme has three components, namely the trigger, updraft, 

and closure functions. The trigger function increases the temperarature of the air parcel as a 

result of local perturbations and is a function of horizontal resolution. The value of temperature 

increment is higher for higher resolutions – which may lead to excess rainfall. The updraft 

property of clouds such as cloud radius controls the mixing. The closure scheme in KF assumes 

that the convection process consumes 90% of the convective available potential energy (CAPE). 

The domain set up in (a) is roughly equivalent to Colorado headwaters domain while domain 

configuarion of (b) is kept similar to that used in WRF-UA HAS operational forecasting model. 
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Fig 1. Nested grids for NWP-type simulations with WRF. Grid sizes are 12 km (RCM grid) for 

domain 1 (D01) and 3 km for D03 for upper Colorado Basin (a) and lower Colorado basin (b) 

 

Physics Module Scheme (option) 

Microphysics WSM 6-class graupel scheme (6) 

Longwave radiation New Rapid Radiative Transfer model (4) 

Shortwave radiation New Rapid Radiative Transfer model (4) 

Surface layer Monin-Obukov scheme (2) 

Land surface Noah-MP (2) 

Urban surface Urban canopy model (1) 

Planetory Boundary layer Mellor-Yamada-Janjic (2) 

Cumulus parameterization Kain-Fritsch (1) 

 

Table 1. WRF-ARW parameterization setting for NWP-type simulations. WRF-ARW namelist 

options for selected schemes are shown in parentheses.  

 

(a) (b) 



   21 

1.3.3.1 Statistical Analysis Method 

 

     The representation of the likelihood of receiving a specific rainfall amount is best 

accomplished by fitting a theoretical probability density function (PDF). A theoretical PDF is a 

continuous function with no discontinuity that can be determined for every local grid point on 

the map. These distributions make it possible to estimate the likelihood of rainfall being within a 

specified range. The gamma distribution typically yields a good PDF fit to a total precipitation 

distribution. This parameterized distribution is a continuous function when fitted for every local 

grid points on the map will show no discontinuity. These distributions make it possible to 

estimate the likelihood of rainfall being within a specified range. The gamma distribution for 

example is a good tool to fit a precipitation curve overall. However, extreme climate 

values in the tail of the distribution may not necessarily fit well to a theoretical PDF that 

applies to the entire data set. The solution is to fit generalized Pareto distribution, a peakover-

threshold method, to better describe the behavior in the tail (e.g. Katz, 2010; 

148 Dominguez et al., 2012). This methodology is useful when dealing with a limited number of 

time slices. It allows for larger sample size than the generalized extreme value (GEV) approach. 

 

Here Ϭ* and ϒ are scale and shape parameters respectively. A Poisson distribution is used 

to characterize the extreme precipitation rate at which the threshold is exceeded and 

a Generalized Pareto (GP) distribution is used to characterize the amount at which the threshold 

is exceeded (termed “Poisson–GP model”). We set the threshold for the POT distribution to the 
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95th percentile. The tails of the distribution with an intensification of events above this 

threshold is what is of interest. Since we had 10 years of data, in order to get 20- and 50-year 

return period values of precipitation extremes, which is useful in designing hydraulic structures 

and other water resources purposes, we extracted highest 5% of all the years (at each grid point) 

and Generalized Extreme Value Distribution was used to calculate values of precipitation at 20- 

and 50-year return period. 

1.4 Results 

 

1.4.1 Mean temperature  

 

 

(i) (ii) 

(iii) (iv) 
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Fig 2. Mean temperature climatology (K) for warm season (JJAS) and cool season (Nov-Apr) 

represented by (i) observed warm season, (ii) WRF warm season (iii) observed cool season (iv) 

WRF cool season 

 

A warm temperature bias is seen (Fig 2) in the model product which is consistent with previous 

studies (Tripathy and Dominguez, 2013) and Liu et al (2016). 

 

1.4.2  Mean precipitation  

1.4.2.1 Upper Colorado Basin  

 

The model simulated daily average precipitation of warm season (June, July, August and 

September, henceforth referred to as JJAS) and corresponding gridded CPC precipitation is 

shown in Fig 3. Similar plots for cool season (November to April) is shown in Fig 4. JJAS is 

considered as warm season because when S2S forecast is considered as model can be initiated on 

May and it can go till September. Similarly, cool season is defined as November to April where 

most of the snowpack are received.  
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Fig 3. Mean precipitation climatology for warm season (JJAS) represented by (i) observed, (ii) 

WRF domain 1 and (iii) WRF domain 2 

 

There is an overestimation of precipitation in the CPM simulations on the order of 1-2 mm day-1 

(Fig 3(iii)). In contrast, the WRF simulation at coarser resolution there is a widespread area of 

overestimation, generally in the order of 3-4 mm day-1. It is clear from the figures that the 

domain 2 resolves the precipitation more accurately for both the seasons. Domain 1 predicts the 

seasons to be much wetter than they actually are, while domain 2 seems to reduce the bias 

(i) (ii) 

(iii) 
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significantly and also improvement is seen in the spatial pattern of precipitation. This clearly 

demonstrates the value added of convective-permitting modeling (applied in the nested 3km 

resolution domain). The winter seasonal precipitation was exactly captured by the model (as 

expected) and also summer season climatology seems well resolved in the high resolution WRF 

simulation data. However, domain 2 still produces result wetter than the observation. 

However, a slightly warm bias is seen in the model predicted data and it is present in both the 

seasons for temperature climatology (Fig 2). Interrelation between higher temperature and 

slightly wetter climate can be physically interpreted. From the Clausius Clapeyron equation we 

know with the increase in temperature the water vapor holding capacity of atmosphere increases 

and it can produce higher rainfall under suitable condition. So, it is not surprising that the model 

is producing slightly high precipitation but the spatial pattern is captured well even in high 

resolution of 3km.  

 Overall, CPM yields precipitation amounts that better corresponds to the observed product than 

the equivalent coarse resolution model grid.  

  
(i) (ii) 
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Fig 4. Mean precipitation climatology for cool season (JJAS) represented by (i) observed, (ii) 

WRF domain 1 and (iii) WRF domain 2 

 

1.4.2.2  Lower Colorado Basin 

 

The value added of CPM is more prominent in Lower Colorado basin (Fig 4) which plays a 

critical role in the formation of a thermal low during the summer monsoon (Adams and Comrie, 

1997). Due to the presence of Rocky Mountains and Mogollon Rim the topography is extremely 

varied and it has implications for mesoscale circulation features and spatial variability in 

precipitation. So, the CPM simulation performs better in where organized MCS-type convection 

is the more dominant precipitation mechanism. Orographically forced snowfall is major source 

of water in this domain. 

      (iii) 
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Fig 5. Similar plots (WRF domain 2) of Fig 4 (iii) for lower Colorado basin for warm (a) and 

cool (b) season 

1.4.3 Extreme Precipitation  

 

In this section, we analyze the differences between the distributions of daily grid point values of 

Stage IV and WRF simulations by focusing on the representation of extremes, defined as values 

above the 95 % percentile. 

1.4.3.1 Upper Colorado Basin  

 

Considering daily maximum grid point precipitation, CPM simulations have more realistic 

representation of daily 20-year return period extreme precipitation which matches in spatial 

representation of the same of observed. Keeping the trend of overestimating the mean 

precipitation, coarse resolution WRF simulation fails again to go good with representation of 

extreme daily precipitation in warm season (Fig 6 (ii), (iii)). 

 

 

(a) (b) 
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 Fig 6. Extreme precipitation climatology for warm season (JJAS) represented by (i) observed, 

(ii) WRF domain 1 and (iii) WRF domain 2 for upper Colorado basin and (iv) for lower 

Colorado basin 

 

1.4.3.2 Lower Colorado Basin 

 

Consistent with well represented mean precipitation, Lower Colorado basin extreme 

precipitation is also well represented by CPM simulations. The signals of organized deep 

convection are found in the high-resolution model and the spatial pattern matches exactly with 

(ii) (i) 

(iii) 

(iv) 
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the observed 20-yr return period values (Fig 6 (iv)). This certainly tells about the value added of 

CPM simulations when terrain dependent MCS-type convection is quantified. 

1.5 Discussion and Conclusions 

 

1.5.1 Discussion and summary 

 

 The more accurate spatial distribution of daily rainfall in CPMs is likely attributed to 

improvement in the deep convective dynamics during JJA and a more accurate representation of 

predictable local effects (e.g. orographic uplift). The results agree well with previous findings of 

Roberts and Lean (2008) and Weusthoff et al. (2010) regarding convective permitting modeling. 

Along with the mean precipitation, an improvement of the most extreme precipitation rates in 

winter and warm season in the CPMs clearly detects added value in mountainous region because 

of the high impact of better resolved orography in complex terrain. Added value is expect to be 

additionally easier to be found in JJAS than winter mainly because of more accurate 

representation of convective processes during the hot season and the well mixed conditions in the 

troposphere. Furthermore, in DJF the large-scale flow is more dominant than in JJA which 

reduces the influence of small scale processes.   

A notable limitation of this study are the relatively small sizes of the 3 km simulation domains 

(Fig 1) which have an East-West / North-South extension between ~1000km/~900 km (in Upper 

Colorado Basin) and ~1000km/~700 km (in Lower Colorado Basin). This implicates that the 

boundary conditions from the 10 km simulations have a strong influence on the CPMs, 

especially in the situations with strong synoptic scale weather patterns which occur more 

frequently in winter.  In such situation, the CPM simulations are supposed to have only a limited 

degree of freedom and are strongly determined by the solution of their parent simulations. 
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However, despite these factors our simulations perform pretty well in both the seasons. Hence 

the method can be highly recommended for seasonal prediction. 

1.5.2 Conclusion 

 

Clear evidences have been found that CPMs can add value to coarser gridded simulations and 

most consistent improvement is found in precipitation. Resolving deep convection is essential for 

the correct development convective precipitation, which is shown by the improved timing of the 

diurnal cycle of summer precipitation. Improvements are found in representation of mean and 

extreme precipitation. It could be demonstrated that the improvements are caused by explicit 

resolved deep convection and the better represented atmospheric dynamics and higher resolved 

orography. The improved fine scale structure of precipitation can have significant benefits for 

climate change impact studies which focus, for example on mesoscale river catchments, accurate 

streamflow or flash flood prediction because the correct representation of the spatial extend, 

location and intensity of severe precipitation events is crucial for such applications. However, 

temperature has a warm bias and reginal climate model product still overestimates the summer 

and fall southwest precipitation which is exactly consistent with Liu et at 2016 study with 

dynamical downscaling. 

Broader impacts are intrinsic to this project as we focus on a problem that is naturally recognized 

as a hazard to life and property. Anticipating extreme precipitation at sub-seasonal lead time of 

2-4 weeks is also emphasized in the IPCC's Managing the Risks of Extreme Events and Disasters 

to Advance Climate Change Adaptation (SREX) has suggested doing. With some of the 

reforecast S2S models having the necessary sub-daily information to provide boundary forcing to 

a convection-permitting RCM and new seasonal reforecast data availability, it will be technically 



   31 

feasible to apply CPMs at seasonal timescales to deterministically characterize the model 

forecast skill of extreme precipitation events over a long-term retrospective climatology, 

extending essentially the same numerical modeling paradigm that is presently applied for 

operational weather prediction. 
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2.1  ABSTRACT 

 

 Empirical observations show that the structure and size of tropical cyclones (TCs) have dramatic 

impacts at landfall, including wind damage and storm surge. TCs have been observed to change 

size under a variety of environmental conditions. Several numerical studies conducted within the 

last decade have looked at the environmental conditions and associated physical mechanisms that 

likely cause TC size changes. For example, Stovern and Ritchie (2016) found that cooling 

(warming) the environmental temperature resulted in larger (smaller) TCs mostly because of the 

changes in the resulting surface energy fluxes. Initial size of the cyclone is also an important 

factor behind rapid change of structure and size of the storm (Stovern and Ritchie 2016). This 

study investigates the influence of environmental factors on TC size expansions using numerical 

simulations.   

  Two periods of size change are investigated one in Hurricane Katrina (2005) as it moved 

through the Gulf of Mexico and one in Igor (2010) as it begins to undergo extratropical 

transition. Size changes are evaluated using the North Atlantic Hurricane Database second 

generation (HURDAT2) data set, which contains the maximum radial extent of the 64-, 50- and 

34-kt wind in four quadrants. The average 34-kt wind radius (R34) is used as an indicator of the 

size of the TC. For the purposes of this study the environment of a TC is investigated if the wind 

field either expanded or contracted in size at least 15 n mi radially in a 12-hour period. The 

model used is the Weather Research and Forecasting- Advanced Research WRF (WRF-ARW) 

developed at NCAR. WRF is configured with multiple nests with the finest resolution of the 

inner nest being 2km, the WRF double-moment cloud microphysics scheme, Mellor-Yamada 

planetary boundary layer. Hurricane Katrina support previous results that increased surface 
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fluxes and higher moisture availability is conducive to TC wind expansion, and that as the 

moisture is depleted, the expansion of the wind field is no longer supported. In the case of 

Hurricane Igor, the influences of the midlatitude westerlies was evident in the increasing deep 

vertical wind shear, which is known to be detrimental to TC structure and intensity when strong 

enough. 

Keywords: Tropical cyclones, size change, WRF-ARW, environmental forcing 

2.2 INTRODUCTION 

2.2.1 Motivation 

 

      It has become well known that the structure and size of tropical cyclones (TCs) have 

dramatic impacts prior to, and at landfall (Stovern and Ritchie 2016).  Approximately 46% of 

North Atlantic TCs with winds greater than 50 knots during 1988-2012 underwent changes in 

their outer wind radii of at least 25 n mi in 12 hours with 26 of those TCs occurring within 150 

km of the U.S. coastline (Smith et al., 2017). While the maximum winds near the eyewall of 

these intense TCs can produce devastating impacts, the true overall damage potential of a TC is 

associated with the total extent of damaging winds, which can also drive ocean waves and storm 

surge (Irish et al. 2008). Clearly, understanding the processes that cause size changes in TCs are 

of critical importance.  

TCs have been observed to change size under a variety of environmental conditions 

including those that result in the  import of angular momentum into the TC (e.g., Challa and 

Pfeffer 1980; Holland 1983), environmental moisture and potential vorticity (e.g., Wang 2009; 

Hill and Lackmann 2009); moisture fluxes from the ocean (e.g., Stovern and Ritchie 2016); 

environmental vertical wind shear (e.g., Frank and Ritchie 1999, 2001); and dry air intrusion into 
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the TC circulation (e.g., Kimball 2006).  In particular, Stovern and Ritchie (2016) found that 

cooling (warming) the environmental temperature resulted in larger (smaller) TCs mostly 

because of the changes in the resulting surface energy fluxes.  A further study (Ritchie and 

Stovern 2017) used EOF analysis of ERA-Interim data for the period 2004-2012 to investigate 

environmental factors associated with size increases and decreases.  They suggest that for TCs in 

the deep tropics and sub-tropical regions, size changes are mostly related to the amount of mid-

level moisture, air-sea fluxes, and the lack of environmental vertical wind shear.  For TCs in the 

extra-tropics, environmental factors that are important for extratropical transition dominate size 

changes including the strength of the meridional temperature gradient, the presence of an upper-

level midlatitude trough to the northwest of the TC, and a super-positioning of the TC outflow 

with the rear-right entrance region of the upper-level midlatitude jet. 
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Figure 1. Best Track image of Igor (top) and Katrina (bottom) (Images courtesy of Weather 

Underground) 

 

In this study, we further examine the relationship between the environment and TCs that undergo 

size changes by examining WRF-ARW simulations of two real TCs.  Hurricane Igor (2010) 

expanded its wind field by a radius of almost 40 n mi in a 12-hour period as it began to interact 

with the midlatitude flow. Katrina (2005) expanded its wind field radius over 60 n mi in a 24-

hour period after moving into the Gulf of Mexico and just prior to making landfall near New 

Orleans (Figure 1).  Both Hurricanes are examples of TCs that expanded their wind fields.   

2.2.2 Background  

2.2.2.1 Effect of Angular momentum 

 

Holland (1983) presented a complete set of budget equations in both Eulerian (fixed on earth’s 

surface) and Lagrangian (moving with the cyclone) coordinate systems for the time rate of 

change of absolute angular momentum integrated over all, or some concentric part, of the 

cyclone mass. They found that for the developed cyclone the transport of angular momentum by 
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the mean transverse circulation dominates the inner region, especially at low levels, whereas the 

azimuthal eddies are more effective at larger radii and in the upper outflow layer. It was also 

concluded that the large-scale modulation of the tropical cyclone seems to be at least as 

important as inner region effects and environment processes dominate the cyclogenesis stage but 

seem to become less important though not insignificant as the cyclone intensifies and organizes 

its internal structure. The maximum intensity of the cyclone is limited by the ability of the 

transverse circulation to continually strengthen and import sufficient angular momentum to 

overcome the high surface friction.  

    Challa and Pfeffer (1980) found that angular momentum flux convergence, with magnitudes 

comparable to those measured from atmospheric data, markedly accelerate hurricane 

development, and can initiate a model hurricane when the sea surface temperature is slightly 

subcritical (i.e. less than 300.5 K, which is the critical value required by Sundqvist’s symmetric 

model for the formation of a hurricane) such that the purely symmetric model fails to produce a 

vortex of hurricane intensity. Different distributions of the eddy flux of momentum produce 

different rates of growth, different final intensities and different vortex sizes. The most effective 

distributions found were those in which the vertical derivative of the angular momentum flux 

convergence is larger near sea level where it acts as a forcing function for the symmetric radial 

circulation, drawing most boundary layer air into the hurricane from the surroundings. On the 

other hand, an angular momentum flux divergence produced by the eddies is found to suppress 

model hurricane development, even when the sea surface temperature is supercritical such that 

the purely symmetric model yields explosive hurricane growth. This is because it produces a 

radial circulation which opposes the Ekman layer inflow.  
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  Chan and Chan (2013) suggest that changes in Angular Momentum (AM) transport in the upper 

and lower troposphere appear to be important factors that affects TC intensity and size, 

respectively. The change in TC intensity is positively related to the change in upper tropospheric 

AM export, while the change in TC size is positively proportional to the change in lower 

tropospheric AM import.   

2.2.2.2 Effect of Environmental moisture 

 

Hill and Lackman (2009) performed idealized numerical simulations with the WRF model in 

order to test the hypothesized sensitivity of TC size to environmental humidity. Test results were 

consistent with the hypothesis that moist environments favor the development of larger TCs, 

with progressively larger storms evident with each incremental relative humidity (RH) increase. 

The TC in the higher RH simulation exhibited stronger spiral banding relative to the lower RH 

experiments and also exhibited eyewall replacement cycles, unlike the TCs in drier simulations. 

They also concluded that the sensitivity of TC size to environmental moisture is qualitatively 

insensitive to model grid spacing, initial vortex specification, the amount of moisture initially in 

the TC inner core, or model physics choices.  

The increased moisture helps to form more rainband convection in the TC circulation, causing 

the TC to have a larger radial extent due to diabatic heating effects of latent heat release (Hill and 

Lackman 2009). The effect of diabatic heating in outer spiral rainbands on the storm structure 

and intensity results mainly from hydrostatic adjustment; i.e; heating (cooling) of an atmospheric 

column decreases (increases) the surface pressure underneath the column. The strong radially 

dependent change in surface pressure caused by diabatic heating reduces the horizontal pressure 

gradient across the radius of maximum wind and thus the storm intensity in terms of the 
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maximum low-level tangential wind while increasing the inner-core size of the storm (Wang, 

2009). 

2.2.2.3 Effect of Vertical Wind Shear 

 

Environmental vertical wind shear applied to a developing tropical cyclone has significant 

implications on size and structure of the storm by changing the symmetry, rainfall distribution, 

and storm track (Frank and Ritchie, 2001). The most common definition of vertical wind shear is 

the difference between the averaged 850-hPa winds and the averaged 200-hPa winds. The effect 

of vertical shear on tropical cyclone intensity has been studied since the mid-20th century. It is 

generally suggested that large values of vertical wind shear have a negative impact on the 

development and intensification of tropical cyclones (Riehl and Shafer 1944, Ramage 1959, 

Gray 1968, Peng 1999, Frank and Ritchie 2001). Gray (1968) hypothesized that vertical wind 

shear “ventilates” the inner part of the storm by advecting the upper level heat and moisture 

away from the center of the storm and inhibits storm development. DeMaria (1995) offered the 

explanation that vertical shear acts to tilt the potential vorticity anomaly in the center of the 

hurricane which allows for midlevel warming to reduce convective activity. Generally, shear 

causes asymmetries in the vortex, but environmental shear less than 15 m/s imposed on a tropical 

depression does not necessarily inhibit development. Initial environmental shear value of 15 m/s 

or more is too large to favor development from a tropical depression into a tropical cyclone 

(Stovern and Ritchie, 2015). 

Frank and Ritchie (1999) performed numerical simulations of tropical-cyclone-like vortices to 

analyze the effects of unidirectional vertical wind shear and translational flow upon the structure 

and intensity of the storm. Their results indicate that the pattern of convection in the TC’s core is 
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strongly influenced by vertical wind shear, and to a comparable degree by boundary-layer 

friction. They found that strong asymmetric forcing of upward vertical velocity in the core of the 

simulated hurricanes by vertical wind shear produced marked asymmetries in the patterns of 

latent heat release in the core structure, and that this affected the TC’s intensity. The results show 

that the effects of latent heat release alter the pattern of convection once the storm approaches a 

mature cyclone structure. Frank and Ritchie (2001) further investigated the effects of vertical 

wind shear on the structure and intensity of hurricanes.  They concluded that wind shears in the 

5-15 m s-1 range can cause major changes in hurricane intensity and structure, which is in 

agreement with available observations (Frank and Ritchie, 2001). This does not imply that shear 

effects always dominate over ocean interaction effects in governing hurricane intensity in nature, 

but since shears of this magnitude are relatively common, the results suggest that shear plays a 

major role in determining the evolution of many real hurricanes.  

2.2.2.4 Effect of temperature 

 

Stovern and Ritchie (2016) found that cooling (warming) the environmental temperature resulted 

in larger (smaller) TCs mostly because of the changes in the resulting surface energy fluxes. 

When the atmospheric temperature is modified without changing the SST, it is the corresponding 

changes in the surface fluxes that drives the size evolution of the TC. They found that regardless 

of the initial amount of CAPE in the TC region, it is the extent and strength of the radial inflow 

outside of the RMW that drives a larger convective field during development. Radu et al. (2014) 

looked at how the TC size responds to changes of atmospheric and sea surface temperature by 

means of high-resolution (3.3. km) simulations. They showed that the TC increases significantly 

in size, and less in intensity, in the presence of higher SST and atmospheric temperatures. The 



   43 

size effect is affected by the maximum wind speed change, but the two factors do not have a 

simple relationship. There is a linear relationship between the TC size increase and the latent 

heat flux generated during the TC lifetime. Their key finding was that the initial increase in size 

is caused by the enhanced humidity gradient driving the latent heat flux rather than the wind. In 

the subsequent development, the contribution from the surface dominates the flux and TC size 

growth. 

Chan and Chan (2013) found that changes in the synoptic flow near the TC are important in 

determining the change in TC size, with developments of the lower tropospheric anticyclonic 

flows bordering the TC being favorable for TC growth and a weakening of the subtropical high 

to the southeast for TC size reduction. A recurving TC tends to grow if the lower tropospheric 

westerlies to its west increase. Moreover, a northward TC movement is related to the change in 

TC size. Chan and Chan (2014) did a numerical modeling study and found that with a given 

initial intensity and on the same f-plane, an initially larger TC generally has a larger size at a 

later stage because it has a larger horizontal wind extent and higher winds outside the inner core. 

The larger vortex possesses higher angular momentum in the lower troposphere to increase its 

size in the outer-core region through AM transport. However, an initially small TC may not be 

destined to be small during its lifetime, which agrees with the QuikSCAT observation data that 

TC size has a positive relationship with TC lifetime (Shea and Gray 1973; Merrill 1984; 

Weatherford and Gray 1988; Cocks and Gray 2002; Kimball and Mulekar 2004; Kimball 2006).  

2.2.3 Research Goals 

 

This research uses WRF-ARW simulations of Hurricanes Igor (2010) and Katrina (2005) as they 

undergo size expansions to explore how environmental forcing affect TC size and structure. High 
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resolution modeling helps to quantify the effects environmental forcing factors like Coriolis 

torque, friction, surface fluxes, angular momentum, air-sea temperature etc. High temporal 

resolution at 3-hr timescale allows to look at time evolution of the environmental quantities.  

2.3 Data and Methodology  

2.3.1 Data  

 

The National Hurricane Center’s (NHC) North Atlantic Hurricane Database second generation 

(HURDAT2, http://www.nhc.noaa.gov/data/#hurdat) Best Track dataset is examined for all cases 

of size change between 2004 and 2012. This data set contains the maximum radial extent of the 

64-, 50- and 34-kt wind in four quadrants.  The average 34-kt wind radius (R34) is used as an 

indicator of the size of the TC and it is calculated as simple mean of the all four quadrants.  All 

tropical cyclones which formed during this period and having a non-zero radius of 34 knot wind 

(R34) are considered for the study. Following Stovern and Ritchie (2017) TCs were considered 

to have increased in size if there is a R34 increase of more than 15 n mi over 12 hours.  

2.3.2 Modeling system 

 

This study utilizes the Weather Research and Forecasting- Advanced Research WRF (WRF-

ARW) model to simulate real hurricanes Igor and Katrina (Figure 2). The simulations in this 

study are performed using version 3.5.1 of the WRF-ARW model developed at NCAR 

(Skamarock et al. 2005). The WRF-ARW model is an atmosphere-only model that incorporates 

multiple nested grids and includes both explicit moist physical processes and a variety of 

cumulus parameterization and boundary layer schemes. WRF has been used by many previous 

studies that explore mechanisms concerning TC size and intensity changes (e.g. Hill and 

Lackmann 2009; Fang and Zhang 2012; Mallard et al. 2013; Stovern and Ritchie 2016).  
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All experiments uses the following set up: The boundary layer is parameterized using the Mellor-

Yamada-Janjic (MYJ) scheme (Janjic 1990, 2002).  The MYJ works in conjunction with the Eta 

Similarity scheme, which is used to parameterize the surface layer and calculate surface energy 

fluxes. The lower boundary in our model is an ocean surface with a specified SST, which remains 

constant throughout the integration of each simulation. The outer-two domains employ the Kain-

Fritsch cumulus parameterization scheme (Kain and Fritsch 1993) to represent unresolved 

convection.  Explicitly-resolved convection is applied on all domains using the WRF single-

moment 6-class scheme, which employs ice, snow, and graupel processes (Hong and Lim 2006).  

The application of this parameterization on the inner-most domain is important for resolving the 

finer features in the core precipitation and rainbands of the TC; however, it has little effect on the 

two outer domains.  Radiation processes are handled via a Rapid Radiative Transfer Model for 

longwave radiation (Mlawer et al. 1997) and the Dudhia scheme for shortwave radiation (Dudhia 

1989).  The National Centers for Environmental Prediction (NCEP) final analysis (FNL) 

atmospheric fields at 1o horizontal resolution (https://rda.ucar.edu/datasets/ds082.0/) are used as 

initial and lateral boundary conditions for the WRF model integrations. 
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Figure 2. WRF domain setup for Hurricane Igor (left) and Hurricane Katrina (right) simulation 

2.3.2.1 Simulation of Hurricane Igor (2010) 

 

The model is configured with 30 vertical levels, while the topmost level is specified at 50 hPa. 

The parent domain (D1) is square, with a size of 6660 km in each direction and a horizontal 

spacing of 18 km, ensuring the large-scale circulation features are well-specified and that the 

boundaries are far away from the region of interest in the interior of the domain. There are also 

two two-way nested square inner-domains of spatial sizes 2112 km (D2) and 650 km (D3) with 

grid spacing of 6- and 2-km resolution, respectively, centered on the TC. D3 is capable of 

resolving moist processes within the eye and eyewall region, while both inner and outer 

rainbands are well resolved by D2. (e.g. Frank and Ritchie 2001; Ritchie and Frank 2007; Ritchie 

and Elsberry 2007). D1 is large enough so that D2 can move freely though the simulation 

without experiencing any boundary interaction with D1. Both D2 and D3 are vortex following 

nests, which makes it convenient to study how the surrounding environment affects the inner-

core dynamics while automatically tracking the TC. Hurricane Igor is initialized at 0000 UTC 10 

September 2010 and run for 210 hours.  

2.3.2.2 Simulation of Hurricane Katrina (2005) 

 

It is challenging to produce a useful simulation of Katrina when initializing the model prior to its 

entry into the Gulf of Mexico.  As a result, the simulation uses fixed grids rather than  vortex-

following grids and spectral nudging is used on the coarse domain for the first 96 hours of the 

simulation to help maintain the large-scale steering flow. The model is configured with 30 

vertical levels, with the topmost level specified at 50 hPa. The outer domain is rectangular, with 
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a size of 3240 km in the zonal, and 2700 km in the meridional directions and a horizontal 

spacing of 18 km, ensuring the large-scale circulation features are well-specified and that the 

boundaries are far away from the region of interest in the interior of the domain. There are also 

two two-way nested inner-square domains of spatial sizes 2700 km x 1800 km (D2) and 1560 km 

x 960 km (D3) with grid spacing of 6- and 2-km resolution, respectively. D3 is capable of 

resolving moist processes within the eye and eyewall region, while both inner and outer 

rainbands are well resolved by D2 (e.g., Frank and Ritchie 2001; Ritchie and Frank 2007; Ritchie 

and Elsberry 2007). Hurricane Katrina is initialized at 0000 UTC 26 August 2005 and run for 

120 hours, well after landfall in Louisiana. However, the period after landfall is not used for the 

analysis. 

2.4 Results 

2.4.1 Hurricane Igor 

2.4.1.1 Intensity and Size  

 

The period of simulation of Hurricane Igor focuses on when the hurricane was moving generally 

westward under the influence of the subtropical ridge.  Figure 3 shows the time evolution of 

maximum wind speed and minimum sea level pressure for the entire simulation of Hurricane 

Igor compared with the NHC Best Track. The simulated intensity is slightly weaker than the 

observed and the period of rapid intensification from hour 54 to hour 72 is not as rapid in the 

simulation.  The simulation reaches an approximate steady-state intensity about 20 knots weaker 

than the HURDAT best track at approximately 102 hours of simulation and then begins to 

weaken at about 174 hours of simulation.   Igor first developed an R34 in the simulation at 54 

hours, which then expanded through 183 hours before it began to decrease slightly through the 

end of the simulation (Figure. 4).  The period of size expansion chosen for study is the most 
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rapidly expanding 18-hour period from 162-180 hours (indicated by the vertical bars in Fig. 4).  

This period is an approximate steady-state period of intensity just prior to Igor’s final weakening.  

Figure 5 shows the 10-m wind field at the start and end of the period of wind field size expansion 

and this period will be the focus of the rest of the discussion.   
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Figure 3. Time series of minimum sea-level pressure (top) and maximum wind speed (bottom) in 

the simulation of Igor also compared with HURDAT, the period of size change is indicated by 

black lines 

 

Figure 4. Time series of the simulated R34 (red), R50 (blue), and R64 (green) for Hurricane Igor.  

Blue vertical lines indicate the period of size change 

 

2.4.1.2 Large-scale circulation pattern 

 

During the size expansion period, Igor moved to the northwest through a weakness in the 

subtropical ridge (Figure 6a, b).  An upper-level midlatitude trough passing to the north of Igor at 

the start of this period and a break in the ridge may have allowed some interaction between the 

TC and extratropical flow to occur (Fig. 6c,d).  Upper-level divergence and outflow extended 

from the TC into the base of the trough at the beginning of the size change period. By the end of 

the period this trough had passed to the east and a second midlatitude trough was located to the 

northwest of Igor.  The location of Igor near 22°N during this period and its proximity to the 

baroclinic zone would categorize Igor as a subtropical size expansion case in Ritchie and Stovern 

(2017). They identified a mixture of deep tropics and extratropical environmental factors as 
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being important in cases of size change for this class of TCs including surface fluxes, moisture, 

upper-level shear, and fluxes of eddy angular momentum flux from nearby upper-level 

midlatitude troughs.  In the case of Igor, the vertical wind shear began to increase at 

approximately 120 hours of integration and continued to increase through the end of the 

integration (Figure 7).  During the period of interest, the wind shear increased from 

approximately 10 m/s to 13.6 m/s most likely as a result of the TC moving into increasing upper-

level westerlies associated with the midlatitude regime. High upper-level divergence, increased 

flux of eddy angular momentum due to the passage of the midlatitude trough (not shown), and 

increasing wind shear most likely play a role in the size expansion.  

 

Figure 5. 10-m wind speed at the beginning (left) and end (right) of the size expansion period.   
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Figure 6. Sea level pressure and 500-hPa geopotential height at the beginning (a) and end (b) of 

the size change period.  Divergence at 200-hPa (red contours), 200 hPa geopotential height 

(black contours) and shaded upper level wind at 200-hPa is shown at the beginning (c) and end 

(d) of the size change period. Igor is the larger and western TC.  A second TC, Julia was also 

simulated east of Igor’s position. 

(a) (b) 

(c) (d) 
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Figure 7. Time series of vertical wind shear in Igor simulation. Lines showing the period of size 

change 

2.4.1.3 Moisture 

 

At the beginning of the 18-hour expansion period the TC was enveloped in an envelope of 

moisture extending 300-500 km from the center of the TC at both 500- and 850-hPa (Fig. 8a,b).  

However, dry air wrapping around the western and southern region of the TC was already 

evident at 500-hPa and by 18 hours later, this dry air had intruded around the eastern and 

northern sectors of the TC similar to a TC beginning to interact with the midlatitude baroclinic 

zone (e.g., Ritchie and Elsberry 2001) (Fig. 8d).  At 850 hPa the envelope of moist air had 

reduced in size and the inner core of the TC had become drier (Fig. 8d).  There was evidence of 

drier air beginning to wrap around the TC, separating Igor from the supply of tropical moisture 

from the south.  Radar reflectivity showed evidence of some interaction with the baroclinic zone 

with the development of weak banding extending to the north of the TC (Fig. 8c,f) in the region 

of the upper-level divergence.  This banding was also evident in the 500-hPa specific humidity 

(Fig. 8d). 
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Figure 8. Moisture variables for Igor for: (a) to (c) the beginning and (d)-(f) the end of the size 

change period.   (a) and (d) 500-mb specific humidity (g/kg). (b) and (e) 850-mb specific 

humidity (g/kg). (c) and (f) radar reflectivity (dBZ).    

 

2.4.1.4  Surface Fluxes and Air-Sea Difference 

 

Figure 9 shows the temporal evolution of sensible heat (SH) flux and latent heat (LH) fluxes 

averaged within 0-200, 200-400 and 400-600 km from the center. The radii correspond to the 

regions that best capture inner-core, outer-core and interactive envelope regions (Stovern and 

Ritchie 2016) with the interactive envelop region being where the TC interacts with the 

environment to produce overall size (R34) changes (Merrill 1984). Surface fluxes increase 

substantially in the inner core of the TC until the start of the size change period when they 

(a) (b) (c) 

(d) (e) (f) 
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rapidly drop off. However, in the outer core, and envelope region of the TC, the fluxes rapidly 

increase just prior to the size-change period.  The radial distribution of surface fluxes (not 

shown) shows that the flux increases monotonically till RMW and then it decreases rapidly. The 

high amounts and such radial distributions of LH and SH fluxes helps to expand the inner core 

size and intensification of TC as they contribute to convection in the inner core and rainbands, 

which increases diabatic heating and eventually affects the PV field or the surface pressure field, 

which changes the wind field distribution. The LH and SH fluxes are controlled by differences in 

the temperature and water vapor between the ocean and surface air and the rise in fluxes in the 

20 hours prior to the size increase is reflected in the air-sea temperature difference (Fig. 9c).  

 

 

(a) 

(b) 
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Figure 9. Temporal evolution of the: (a) latent; (b) sensible heat flux (Wm-2); and (c) air-sea 

temperature difference during the simulation of Igor.   

 

2.4.1.5 Angular Momentum  

 

Size changes are associated with either imports of angular momentum from the environment 

(Challa and Pfeffer 1980; Holland 1983) or with addition of energy production due to surface 

fluxes that exceed the surface frictional dissipation.  Vertically-integrated eddy and mean radial 

angular momentum (RAM) flux convergence and Coriolis torque are compared with the 

frictional dissipation (Fig 10).  The contribution by the mean fluxes is much higher than that of 

the eddy fluxes and exceed the frictional dissipation.  The gains to the angular momentum budget 

outside the radius of maximum winds (~50-60 km) exceed the negative contribution from the 

frictional dissipation leading to intensification and wind field expansion at all radii.  However, it 

is not clear whether contributions from the upper-level trough were significant in the wind field 

expansion. 

(c) 
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Figure 10. Vertically integrated quantities of the RAM flux convergence from the mean (green) 

and eddy (black), symmetric Coriolis torque (red) and frictional dissipation (blue). The black 

dashed contour is the result of adding the mean, eddy and Coriolis term together 

 

2.4.2 Hurricane Katrina 

2.4.2.1 Intensity and Size 

 

The period of simulation of Hurricane Katrina focused on when the hurricane was moving 

northwestward due to moving around the western periphery of a retreating ridge (Figure 1). 

Figure 11 shows the time evolution of the maximum wind speed and minimum sea level pressure 

for the entire simulation of Hurricane Katrina compared with the NHC Best Track. The 

agreement between the model simulation and the observations is very good for much of the 

simulation. The simulated maximum intensity in terms of maximum sustained surface winds is 
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30-kt weaker than the observed although the minimum central pressure is in good agreement.   

The simulated Katrina weakens very rapidly once landfall occurs.  Note that Katrina made 

landfall a little further east in the simulation compared to the actual landfall in New Orleans. The 

period after landfall is not considered in the analysis. Katrina developed an R34 in the simulation 

from the beginning of the simulation and, except for a period of steady-state size between 20 and 

30 hours, continued to expand through 66 hours.  After this, Katrina rapidly decreased in size 

prior to making landfall at approximately 80 hours of simulation (Figure 12). Because of its very 

large size, the outer wind field of Katrina began to move over land at about 66 hours of 

integration.  Thus, the R34 size decrease ahead of the landfall is accounted for by land friction 

effects. The period of size expansion chosen for this study is the most rapidly expanding 18-

hours period (indicated by vertical bars in Figure 12) when the TC increased in size from 320 km 

to 380 km and also consistent with observation. Subsequent to this period, the TC stopped 

expanding. This period is just prior to Katrina’s weakening. Figure 13 shows the 10-m wind field 

at the start and end of the period of wind field size expansion and this period will be the focus of 

the rest of the discussion.   
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Figure 11. Time series of minimum sea-level pressure (top) and maximum wind speed (bottom) 

in the simulation of Katrina compared with HURDAT. Vertical lines indicate the period of size 

change investigated in this section 

880

900

920

940

960

980

1000

1020

0 20 40 60 80 100 120

P
re

ss
u

re
 (

m
b

)

Hours of Simulation

Minimum Sea Level Pressure of Katrina

Pressure_WRF Pressure_HURDAT

0

20

40

60

80

100

120

140

160

0 20 40 60 80 100 120

w
in

d
 s

p
ee

d
 (

kt
s)

Hours of Simulation

Maximum wind speed of Katrina

Wind_WRF Wind_HURDAT



   59 

 

Figure 12: Time series of the simulated R34 (red), R50 (blue), and R64 (green) for Hurricanes 

Katrina.  Blue vertical lines indicate the period of size change. The shaded region is the landfall 

dominated part of the simulation. 

 

2.4.2.2 Large-scale circulation patterns 

 

During the study period, Katrina was moving north around the western periphery of a retreating 

ridge located more than 1000 km south of the midlatitude baroclinic zone (Figure 14).  The 

environmental vertical wind shear (Figure 15) was relatively weak as would be expected if there 

were no nearby weather systems.  Increasing vertical wind shear is usually associated with TCs 

in close proximity to an upper-level trough or approaching the midlatitudes (e.g., Harr and Dea 

2007; Ritchie and Elsberry 2007).  Although there was upper-level divergence and outflow 

located over the TC throughout the size change period, there was no evidence of additional 

forcing through interaction with the extratropical flow as there was in Igor (Figure 14c,d).  In 

general, upper-level divergence over the TC enhances vertical motion, convection, and the 

secondary circulation and is generally associated with intensification and steady-state 

maintenance of the TC.  A lack of upper-level divergence is usually associated with weakening. 
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The location of Katrina near 26° N during this period and the distance from the midlatitude 

westerly regime would categorize Katrina as a deep tropics size change case in Ritchie and 

Stovern (2017). High surface fluxes, deep moisture, and a lack of strong environmental vertical 

wind shear are the most likely important environmental factors for this case (Stovern and Ritchie 

2016; 2017). 

  

Figure 13. 10-m wind speed at 0000 UTC (left) and 1800 UTC (right) of 28th August 

 

(a) (b) 
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Figure 14. Sea level pressure and 500-hPa geopotential height at the beginning (a) and end (b) of 

the size change period. Divergence at 200-hPa (red contours), 200 hPa geopotential height (black 

contours) and shaded upper level wind at 200-hPa is shown at the beginning (c) and end (d) of 

the size change period. 

 

Figure 15. Time series of vertical wind shear in Katrina simulation. Lines showing the period of 

size change. The landfall dominated period is shaded 

 

(c) 
(d) 
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2.4.2.3 Moisture 

 

At the beginning of the 18-hour expansion period, Katrina was embedded in a large envelope of 

moisture at both 500-mb and 850-mb with high values of water vapor within the core of the TC 

(Fig.16 a,b).  By the end of the expansion period the envelope of moisture had decreased slightly 

(16 d,e). However, a large amount of moisture through a deep layer was still evident supporting 

deep convection within both the inner core region and the large area of rainbands (Fig. 16c,f). 

There is some evidence of drier air from the land advecting around the west side of the TC and 

beginning to impact the outer circulation by the end of the size increase period. When compared 

with Igor (Fig 8), there is considerably more moisture through a deep layer in the near-

environment of Katrina supporting more convection.  

 

  

Figure 16. Moisture variables for Katrina for: (a) to (c) the beginning and (d)-(f) the end of the 

size change period.   (a) and (d) 500-mb specific humidity (g/kg). (b) and (e) 850-mb specific 

humidity (g/kg). (c) and (f) radar reflectivity (dBZ).    

(a) (b) 
(c) 

(d) (e) (f) 
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2.4.2.4 Surface Fluxes 

 

Figure 17 shows the temporal evolution of sensible heat (SH) fluxes, latent heat (LH) fluxes 

averaged within 0-200, 200-400 and 400-600 km from the center, and air-sea difference. The 

radii correspond to the regions that best capture inner-core, outer-core and interactive envelope 

regions (Stovern and Ritchie 2016). Note that time series are only shown up until the center of 

Katrina makes landfall.  Surface fluxes increase throughout the simulation, which is consistent 

with an intensifying, and growing TC.  In comparison with Igor, the surface fluxes in Katrina are 

much higher in general, which is consistent with an environment with very warm ocean 

temperatures such as that found in the Gulf of Mexico.  High surface fluxes are very important 

for size increases in TCs as they add to surface entropy production (Wang and Xu 2010; Stovern 

and Ritchie 2016) increasing the convective activity in rainbands.  
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Figure 17. Temporal evolution of the: (a) latent; (b) sensible heat flux (Wm-2); and (c) air-sea 

temperature difference during the simulation of Katrina. The period of landfall dominated part is 

shaded.  

 

2.4.2.5 Angular Momentum  

 

Eddy and mean radial angular momentum (RAM) flux convergence and Coriolis torque are 

vertically integrated and compared with the frictional dissipation (Fig 18). Vertically-integrated 

eddy and mean radial angular momentum (RAM) flux convergence and Coriolis torque are 

compared with the frictional dissipation.  Similar to Igor, the contribution by the mean fluxes is 

much higher than that of the eddy fluxes and exceed the frictional dissipation at all radii during 
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the size expansion period.  It is interesting to note that 24 hours prior to the size expansion, the 

positive contributions of the mean and eddy fluxes did not exceed the frictional dissipation and 

there was no size expansion occurring at that time (Figure 18a).   

 

 

Figure 18. Vertically integrated quantities of the RAM flux convergence from the mean (green) 

and eddy (black), symmetric Coriolis torque (red) and frictional dissipation (blue). The black 

dashed contour is the result of adding the mean, eddy and Coriolis term together 

 

2.5 Summary and Conclusions 
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The size and structure of a TC has important implications for the severity and duration of many 

TC impacts, affecting evacuations, and timing of the arrival of adverse conditions. Numerical 

weather prediction models do a relatively poor job of forecasting the intensity, the quantitative 

rainfall, and the wind field structure of TCs mostly because of resolution.   Conversely these 

same models do a relatively good job of predicting the large-scale environment.  Therefore, if we 

understand how the large-scale environment affects TC size and size change, we may be able to 

use the predictions of the TC environment to infer how the TC size might change close to 

landfall. Thus, this research has focused on understanding how environmental forcing affects TC 

size change in the North Atlantic and Gulf of Mexico.   

In general, the environments in the western North Atlantic and Gulf of Mexico are quite different 

with an average atmospheric and oceanic temperature that can reach up to 2°C higher in the Gulf 

of Mexico through the atmospheric layer (Stovern and Ritchie 2016).  These conditions have 

been shown to be conducive to the development of larger TCs primarily because of the 

enhancement of surface fluxes of heat and moisture. Although not conclusive, the results 

presented here for the simulation of Hurricane Katrina support previous results that increased 

surface fluxes and higher moisture availability is conducive to TC wind expansion, and that as 

the moisture is depleted, the expansion of the wind field is no longer supported. In the case of 

Katrina, the reduction of environmental moisture was a direct result of the TC moving onshore. 

The impact of drier terrestrial air and reduced surface fluxes affected Katrina’s wind field size 

well ahead of the center making landfall because of the large extent of the R34.   

For cases that are moving out of the deep tropics and into the extratropical environment such as 

Hurricane Igor other factors also come into play as well as the TC moves into an environment of 

increasing temperature and moisture gradients, increasing upper-level westerlies, and decreasing 
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surface fluxes.  In the case of Hurricane Igor, the influences of the midlatitude westerlies was 

evident in the increasing deep vertical wind shear, which is known to be detrimental to TC 

structure and intensity when strong enough.  However, when combined with an upper-level 

trough, increased divergence, fluxes of upper-level eddy angular momentum (e.g., Molinari and 

Vollaro 1989), relatively high mid- to low level moisture, and surface fluxes, increases in both 

intensity and wind field are possible.  The simulation of Igor suggest that these factors were at 

play, but do not conclusively support them.  Future work includes continuing to analyze these 

simulations to better understand the factors behind the size changes of these and other TCs.    
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