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Abstract

:

As of March 2021, the State of Florida, U.S.A. had accounted for approximately 6.67% of total COVID-19 (SARS-CoV-2 coronavirus disease) cases in the U.S. The main objective of this research is to analyze mobility patterns during a three month period in summer 2020, when COVID-19 case numbers were very high for three Florida counties, Miami-Dade, Broward, and Palm Beach counties. To investigate patterns, as well as drivers, related to changes in mobility across the tri-county region, a random forest regression model was built using sociodemographic, travel, and built environment factors, as well as COVID-19 positive case data. Mobility patterns declined in each county when new COVID-19 infections began to rise, beginning in mid-June 2020. While the mean number of bar and restaurant visits was lower overall due to closures, analysis showed that these visits remained a top factor that impacted mobility for all three counties, even with a rise in cases. Our modeling results suggest that there were mobility pattern differences between counties with respect to factors relating, for example, to race and ethnicity (different population groups factored differently in each county), as well as social distancing or travel-related factors (e.g., staying at home behaviors) over the two time periods prior to and after the spike of COVID-19 cases.
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1. Introduction


Since January 2020, when the first confirmed case of the SARS-CoV-2 coronavirus disease (COVID-19) was reported in the United States, the pandemic has ravaged the United States, with the number of confirmed cases and deaths at over 30.2 million and 551,000, respectively, as of March 2021 [1]. Questions about how to best slow or stop the spread of this highly infectious disease, including what are the key factors that have enabled the spread of the virus and what can be done to impede its deadly progress, remain under study. The movement of people as they go about their daily lives or travel over larger spatial extents (e.g., travel by air) has been a key focus of study, throwing a spotlight on the role of mobility in sustaining the level of infection and transmission [2,3]. Tracking the movement of individuals as they undertake daily activities using the expanding location-based services via applications that apply passive tracking technologies [4,5,6] allows us to dig deeper into the role of mobility in infectious disease modeling.



In this paper, we investigate mobility patterns, i.e., mean inflow trip patterns, during a peak period of the pandemic, May, June, and July 2020, for three Florida counties, Miami-Dade, Broward, and Palm Beach. We use a random forest regression model to determine how a set of more than 30 different factors, including sociodemographic (e.g., median household income, age, race, and ethnicity), travel (e.g., mean travel time to work, percent of the population working from home), and built environment factors (e.g., road network density, street intersection density), as well as the changing number of COVID-19 positive cases, relates to changing levels of mobility across the tri-county region. Our study is at the detailed granularity of census tracts, highlighting how human behaviors relating to mobility across tracts and between counties varied over time and space, and providing insights for planning, as well as possible consequences for pandemic outcomes.



Florida’s unique attractions (highly regarded oceanside beaches, hotels and resorts, and year-round warm weather) make the state a draw for tourists and travelers year-round, giving Florida a unique status of possibly being a driver for virus transmission beyond its borders [7]. Local population groups of diverse race and ethnicity succumbed to high levels of infection, which, combined with the high number of elderly residents, contributed to over 2 million confirmed cases and 33,000 deaths as of March 2021 [8].



Machine learning algorithms [9], and random forest models in particular [10], are widely used in geospatial modeling by providing determinant-specific spatial contexts. These models have been especially useful for identifying explanatory variables and assessing the importance of these variables with respect to dependent variables, such as transport mode choice decision prediction, transportation mode recognition, travel demand system prediction, and explanation of drivers for forest change [11,12,13,14]. A random forest regression model is a meta-estimator that fits a number of decision trees to various subsamples of the dataset, and uses averaging to improve the predictive accuracy and control over-fitting [15,16]. Generally, random forest models are a good choice for regression and classification tasks based on their advantages, e.g., little preprocessing (rescaling or transforming) of the data is required, the modeling can be parallelizable, are compatible with high dimensional data, and are typically robust to outliers and unbalanced data [17]. Comparisons of random forest models with other machine learning algorithms (e.g., linear regression, decision tree, artificial neural network, and support vector machine) for geospatial modeling find that the random forest model performance, in terms of both computation time and prediction accuracy, is generally positive [18,19].



We used a random forest model for examining explanatory factors (i.e., sociodemographic, travel-related, built environment, and health factors) and their relative importance for revealing drivers underlying patterns of mobility based on inflow trips in the context of rising COVID-19 cases in three key counties in Florida.




2. Related Work


Studies published since the pandemic began to show the effect that COVID-19 has had on employment, education, and the economy. Franch-Pardo et al. conducted a systematic review of scientific articles on geospatial and spatial-statistical analysis of COVID-19 using perspectives drawn from spatiotemporal analysis, health and social geography, environmental variables, data mining, and web-based mapping [20]. New mobility platforms using mobile device data from SafeGraph, Google mobility reports, and Descartes Labs [6,21,22,23] have shown the dynamic nature of mobility data at different granularities, e.g., county, metropolitan area, and state. The University of Maryland’s COVID-19 Impact Analysis Platform reports daily updated mobility-related data products (e.g., social distancing index and trip distances) [24]. Facebook, in partnership with academic institutions, created a global COVID-19 symptom survey that invites users to report on COVID-19 related symptoms, social distancing behaviors, and vaccine acceptance on a daily basis [25].



Mobility restrictions have been posited to be effective for constraining disease transmission within and between communities [26], and mobility data that have been collected from mobile devices and location-based applications can be measured against a baseline from pre-pandemic times to provide insights for policymakers and epidemiologists interested in monitoring social distancing and the spread of COVID-19 [5,27]. Investigations of mobility trends indicate that stay-at-home orders were largely effective [28].



Numerous researchers have examined the relationship between human mobility and COVID-19 infection rates. For example, analysis using mobile device location data from across the U.S. and a simultaneous equations model (SEM) found a positive relationship between inflow trips for each U.S. county and COVID-19 infections, which may be useful for gauging the relationship between mobility and COVID-19 transmission risks [4]. Gao et al. examined the association between the rate of human mobility changes of mobile phone users (i.e., change rates of median travel distance and median home dwelling time), and the rate of confirmed COVID-19 cases in 50 U.S. states and the District of Columbia, finding that social distancing mandates were associated with the slowing of COVID-19 spread, especially when stay-at-home orders were to be lifted and states were planning for reopening their economies [6]. Other dimensions were also studied, including socioeconomic factors, such as population, household income [29], age, race, and ethnicity. A multinational study investigated the relationship between the severity of COVID-19, mobility changes, and lockdown measures, and found that lockdown measures were significant with respect to encouraging people to maintain social distancing, while the severity of socioeconomic and institutional factors (e.g., median age, percentage of the population employed in services, and percentage of health expenditure) may have limited effects to sustain social distancing [30]. It has also been demonstrated that COVID-19 case positivity during spring break in New York City was independently associated with mobility, and largely driven by residents’ socioeconomic status, including proportion of population living in households with more than three inhabitants and proportion of the 18- to 64-year-old population that is uninsured [31]. Behavioral changes, measured by multiple mobility metrics for March to May 2020, also seem to matter, with senior communities reacting faster and longer in response to the stay-at-home orders compared to younger communities [32]. Research by Lou et al. involved a comparative analysis of responses between lower-income and upper-income groups, and assessed their relative exposure to COVID-19 risks at the county level [33]. Analysis results showed that higher incomes were related to an improvement in social distancing behavior [34]. This research informed our study such that levels of income and poverty were included in the random forest model as explanatory variables.



A variety of regression models and algorithms have been used to predict or explain the occurrence of COVID-19. Mollalo et al. modeled over 50 environmental, socioeconomic, topographic, and demographic candidate explanatory variables, as well as age-adjusted mortality rates of several disease factors at the county level across the U.S. using geographically weighted regression (GWR) and machine learning algorithms, such as artificial neural network (ANN). The interest was in identifying significant explanatory variables (e.g., median household income, income inequality, and age-adjusted mortality rates of ischemic heart disease) and hotspots of COVID-19 incidence [35,36].




3. Materials and Methods


3.1. Data and Study Area


The study area for this research comprises three counties in Florida, Miami-Dade, Broward, and Palm Beach, located in the southeastern tip of Florida. One of the unique characteristics of Florida is the large population of retirees (over 65 years), approximately 18% of the state’s total population. The southeastern part of Florida also has a diverse population with respect to race and ethnicity; for example, Hispanics comprise 68% of Miami-Dade and 30% of Broward counties, respectively, Blacks represent approximately 29% of Broward County, and White non-Hispanics represent 55% of Palm Beach County (Table 1), based on the 2019 American Community Survey (ACS) [37].



We used mobility data provided by the Maryland Transportation Institute (MTI) at the University of Maryland. These data included origin–destination trips data computed from mobile device locations that capture travel patterns at the granularity of census tracts for four time periods per day (6a.m.–10a.m., 10a.m.–2p.m., 2p.m.–6p.m., and 6p.m.–6a.m.) [4]. The origin and destination trips data were aggregated into inflow (the number of trips per person flowing into a specific census tract from all other places) and outflow (the number of trips per person flowing out of a specific census tract to all other tracts). As there was very little difference in the patterns of inflow and outflow trips per person per census tract, i.e., when there is a trip flowing into a specific census tract there is usually a trip going out, the number of inflow trips per person per tract was used to analyze mobility in this study (Figure 1). Inflow trips per person per unit have also been used in other studies for analyzing mobility [4,28].



As of March 2021, these three counties had the highest COVID-19 severity in the state of Florida, contributing a total of approximately 38% of the total positive cases and approximately 33% of total deaths [8], while these three counties comprise over 28% of the total population of Florida. Miami-Dade County was the first county to implement a stay-at-home order among all Florida counties (March 2020), and was the last to lift the order and enter a reopening phase (May 2020). During this March–May 2020 stay-at-home order period, the cumulative COVID-19 cases reached a total of over 31,000 in the three counties; the number of cases in Florida during the same period reached over 55,000 [1]. After the stay-at-home order was lifted, COVID-19 cases remained low for the month of May, and then, in mid-June, cases began to increase. We examined data for May, June, and July 2020 (a total of 92 days).



County-level data were available from 2 March 2020, when the first COVID-19 case was reported in Florida; ZIP code level COVID-19 case number data were made available from the Florida Department of Health (DOH) public dashboard from 18 May 2020 [38].



The first two weeks of May were extrapolated based on the overall COVID-19 trend at county level. To be consistent with the other study variables, the ZIP code level data were converted to census tracts using the HUD USPS ZIP Code Crosswalk provided by the U.S. Department of Housing and Urban Development’s Office of Policy Development and Research [39]. The relationship between the daily median inflow trips per person per census tract and daily new COVID-19 cases shows an increase in the number of cases in all three counties after the middle of June 2020 (Figure 2). We divided the 3-month period into two time segments, i.e., 1 May to 15 June 2020, and 16 June to 31 July 2020 (both 46 days), and ran random forest models separately for these two periods in order to investigate any changes in the factors that might underlie mobility during these times.



We collected additional explanatory variables across three different categories: sociodemographic, travel, and built environment. Sociodemographic factors refer to sociological and demographic population characteristics collected from 2019 ACS, including income, employment, education, race and ethnicity (Figure 3), gender, age, and work-related measures. These variables were collected and processed at census tract level. Population demographic details have already been listed in Table 1. In this paper, Black non-Hispanic populations refer to Black, and White non-Hispanic populations refer to White. Based on previous studies finding that different income groups respond differently to the COVID-19 outbreak in terms of practicing social distancing [33,34], a factor representing essential workers was included in the model using 2019 ACS data and calculated based on a ratio of service and production occupations, transportation, and material moving occupations to all occupations.



Travel-related factors included human mobility behavioral changes impacted by stay-at-home orders, work travel movements, travel distance to beaches, etc. The principal beaches in each county (i.e., Miami Beach, Fort Lauderdale Beach, and Palm Beach) attract both tourists and local people, and we assumed these points of interest play an important role in daily mobility patterns during the COVID-19 pandemic. For this reason, the Euclidean distance from census tracts to their corresponding nearest beaches was calculated as one of the travel-related factors. To capture how people’s behaviors changed under social distancing requirements, SafeGraph’s Social Distancing Metrics dataset consisting of three different variables: percent of time dwelling at home, percent of devices completely at home, and percent of both full-time and part-time work behaviors (defined as devices spending over 3 h at a location other than their home from 8am to 6pm) at census block group level were used in this study [40]. The data were generated using GPS locations from anonymous mobile devices to census tract level for consistency. In addition, SafeGraph also provided POI daily visit pattern data at census block group level. Among all the POIs, bars (NAICS code = 722410) and restaurants (NAICS code = 722511) are typically correlated with higher exposure to COVID-19, and limits on bar and restaurant operations have been considered one of the most effective social distancing implementations [41]. The numbers of bar- and restaurant-related POIs for the three counties during May–July 2020 vary by county (Table 2). The numbers of bars open in all three counties were likely lower than normal due to COVID-19 business closures. We processed and aggregated the mean daily bar and restaurant visits by census tract for processing in the random forest model.



Built environment factors were obtained from the Smart Location Database, which is a nationwide geographic data resource for measuring location efficiency maintained by the United States Environmental Protection Agency [42]. Among the more than 90 attributes summarizing characteristics, e.g., neighborhood design, transit service, and employment, a set of four spatial and built environmental variables that are most relevant to this study were selected: gross employment density, road network density, street intersection density, and distance to the nearest transit stop. The dataset was available at the census block group level, which was processed to census tract level for the random forest model. Details of the explanatory and dependent variables used in this analysis, and data sources for the variables are provided (Table 3).




3.2. Random Forest Model


We used Python as the processing language and Scikit-learn as the Python machine learning package. Before splitting the dataset into training and testing sets, extreme observations were filtered out in order for these values not to influence the regression model. This included census tracts with a total population less than 500 and population density less than 0.0001, as these were considered to be not representative (e.g., tracts containing the Miami International Airport and the Everglades National Park). Moreover, outliers in the daily trips per person (i.e., the dependent variable), exceeding the 90th percentile, were removed to avoid the influence of extreme and unusual values skewing the models. The remaining data contained 1065 observations at census tract level, which were randomly divided into two subsets. A training set comprising 80% of the data was used to develop the random forest model with 5-fold cross-validation (we also tested with 10-fold cross-validation), and a testing set comprising 20% of the data was used to assess model performance. To analyze the effect of the training and testing set split ratios, other split ratios, including 60–40%, 70–30%, and 75–25%, were also tested to understand the impact on model performance. Four evaluation measures were used to assess the model performance: (1) Pearson correlation coefficient ( r ) between the observed values and predicted values, (2) the coefficient of determination (   R 2   ), (3) root mean square error (  R M S E  ), and (4) mean absolute error (  M A E  ).   R M S E   and   M A E   are defined as follows:


  R M S E =       ∑   i = 1  n     (   y i  −   y ^  i   )   2   n     



(1)






  M A E =  1 n    ∑   i = 1  n   |   y i  −   y ^  i   |   



(2)







While parameter tuning is often applied to avoid overfitting, this step also seeks the optimal combination of given parameters for the best model performance. Four parameters were tuned, including the number of trees (n_estimators), maximum depth of trees (max_depth), the number of features considered when looking for the best split (max_features), and the minimum number of samples required to be at a leaf node (min_samples_leaf). Then, each combination of parameters was trained with 5-fold cross-validation while the optimal parameters were selected, and the best model performance was returned.



Overfitting occurs when the model is overly trained, resulting in a good fit for a limited set of data, but performs unsatisfactorily when it comes to the unseen out-of-bag testing samples. To prevent overfitting, several techniques were applied in this study, including recursive feature elimination (RFE), which is a feature selection algorithm, parameter tuning, oversampling [43,44], and adding cost-complexity pruning (CCP) for regularization.



After the optimal model was trained and tested, the contributions of explanatory variables for mobility patterns (i.e., inflow trips) in each county were assessed by visualizing a ranked list of feature importance. In this study, we used the Gini importance to evaluate the feature importance [45]. Gini importance is computed as the (normalized) total reduction of a criterion, i.e., the function to measure the quality of a split of randomized decision trees (i.e., the random forest) brought about by a specific feature. We use mean squared error (  M S E  ) as the criterion, and the function was computed by the Sci-kit learn package. The three counties were trained first as one model, and then a model for each county was trained separately for the two time periods so that any differences with respect to feature importance could be compared, and county patterns and trends could be identified.





4. Results


4.1. Mobility Patterns and Related Sociodemographic Factors in the Three Counties


Our primary interest was in investigating how mobility patterns changed across the three counties during a time in the pandemic when cases were rising, and what were the driving factors underlying these changes. At the county level, the pattern of COVID-19 daily new cases with daily median inflow trips per person (Figure 2) showed an increase in the number of cases beginning in mid-June 2020 and continuing into July. In contrast, mobility changes from the first time period to the second declined by −6.07%, −6.29%, and −10.62% for Miami-Dade, Broward, and Palm Beach counties, respectively (Table 4). Prior to mid-June 2020, Palm Beach and Broward counties experienced higher inflow trips per person than Miami-Dade County, and Palm Beach County experienced the largest decrease in mobility overall from the first time period to the second compared to the other two counties. Palm Beach County maintained the highest inflow trips per person and the lowest COVID-19 case numbers in the second time period.



Pearson correlation coefficients were computed to determine the relationships between inflow trips per person and sociodemographic variables, including median household income and age, with significance levels of   p < 0.05  ,   p < 0.01  , and   p < 0.001   (Table 5). For the first time period, for Miami-Dade and Palm Beach counties, the correlation between mobility and median household income was weakly positive, while, for Broward County, it was weakly negative. For the second time period when COVID-19 cases were spiking, Miami-Dade dipped to a weakly negative correlation with median household income, while Palm Beach (with fewer new COVID-19 cases) remained weakly positive (relationship for Broward County did not change). Examining the relationships between mobility and age groups showed that younger aged groups tended to be negatively correlated with mobility, both before and after the peak in cases, while, for older age groups (over 60 years), there was a weak positive correlation in Miami-Dade and Broward counties and a weak negative correlation in Palm Beach County. For the second period where COVID-19 was higher, these relationships continued to hold, suggesting that, in Palm Beach County, there was more concern about the increase in COVID-19 among older-aged individuals.




4.2. Mobility Patterns and Travel-Related Behaviors


The stay-at-home orders for these three counties were issued at similar times: Miami-Dade County on March 26, and Broward County and Palm Beach County on March 27. Palm Beach County lifted its stay-at-home order on May 11, while Miami-Dade and Broward counties were part of the reopening phase on May 18. Two variables that related to how individuals responded to restrictions in travel, median percent of time dwelling at home (Figure 4a) and percent of population staying completely at home (Figure 4b), were analyzed at county level. The figures suggest that, after the stay-at-home orders were lifted, the percent of time people spent dwelling at home decreased and remained relatively low through mid-June, when COVID-19 cases began to spike in this part of Florida and continued to be relatively low compared to the stay-at-home period through the end of July (Figure 4a). Miami-Dade County had the highest overall percent of the population who stayed at home throughout the three-month period (Figure 4b), while Palm Beach County had the lowest percent.



Patterns associated with either full-time and/or part-time work behaviors were captured through tracking mobile devices that spent more than 3 h per day away from home (Figure 4c). While all three counties had similar patterns with respect to the percent of devices that spent more than 3 h per day away from home, steadily increasing from early May to mid-June followed by a decrease from mid-June to the end of July, Miami-Dade County had the highest proportion of devices with such pattern, suggesting either full-time and/or part-time work behaviors, while Palm Beach County had the lowest, suggesting different rates of work-related behaviors in the three counties.



While there was an overall lower level of mean bar and restaurant visits for the three counties due to COVID-19-related closures, our analysis showed that there was a steady increase in bar and restaurant visits until mid-June, when these types of outings showed a sudden decrease followed by a subsequent increase again in early July (Figure 4d).




4.3. Random Forest Models


4.3.1. Model Performance


Thirty explanatory variables (Table 3) were trained separately for each of the two time periods as features for the random forest regression models. The performance of all random forest models was assessed using the measures of  r ,    R 2   ,   R M S E  , and   M A E   (Table 6). We found some interesting variations between the models for each of the counties. With respect to values of  r , i.e., the correlation between the observed values and predicted values that reflect how well the predictive model performed, the Palm Beach model returned the highest  r  values (0.6781 and 0.6766, respectively), followed by Broward and Miami-Dade. This suggests perhaps that the set of analyzed variables performed slightly better for Palm Beach when it came to being able to predict mobility patterns than for the other two counties.



The coefficient of determination (   R 2   ) that measures the percentage of the response variable variation that is explained by the random forest model was also found to be highest for Palm Beach County, while the    R 2    values for both Miami-Dade and Broward counties for the second time period (when cases were rising) were higher than that of the first time period. As we were not able to collect and include all the variables that could be impactful for mobility, for example, changes in employment due to the pandemic and COVID-19 mortality and hospitalization data, it is not completely surprising that the models showed room for improvement. In terms of prediction errors, Broward County had the highest   R M S E   and   M A E  , although the values were similarly strong across all models. In general, the model performance for the second time period was better than that of the first time period with higher  r  values and lower error values.




4.3.2. Feature Contributions for the Period Prior to the Rise in COVID-19 Cases


Feature importance scores for the three counties were analyzed to obtain an understanding of how the different factors ranked in importance according to the random forest model, with respect to the number of inflow trips per person. During the first time period (05/01–06/15/2020), when mobility was relatively high, COVID-19 cases were still relatively low, the number of new COVID-19 cases was ranked 7th in importance in Broward and 8th in Miami-Dade, while, for Palm Beach County, this variable was not among the top 15 factors ranked by importance scores. While COVID-19 cases were not so high, the importance scores for both the built environment factors and travel-related factors ranked higher overall than sociodemographic factors (Figure 5). Gross employment density was ranked very highly for all three counties (1st for Broward and Palm Beach, and 2nd for Miami-Dade). Other built environment factors, e.g., street intersection density and road network density, were also present in the top 15 factors for all three counties. With respect to travel factors for the first period, these were highly ranked in all three counties, with mean bar and restaurant visits ranked 1st for Miami-Dade, 2nd for Palm Beach, and 5th for Broward. Time spent completely at home, full-time and part-time work behaviors (based on devices being away from home for more than 3 h), median percent of time dwelling at home, and other social distancing factors were also in the top 15 factors for all three counties, suggesting that the population was also sensitive to the ongoing COVID-19 situation in their region.



With regard to sociodemographic factors during the first time period for Miami-Dade County, the percent of White and Hispanic population was ranked 3rd and 4th, respectively, for Miami-Dade County. White and Hispanic populations contribute, respectively, approximately 13% and 68% of the total population for Miami-Dade (Figure 5a). In Broward County, the percent of both Black and White populations were also in the top 15 rankings, albeit not as highly ranked (positions 9 and 12, respectively), and the percent of Hispanic population was 13th in the rankings (Figure 5b). For Palm Beach County, the results were different, with important sociodemographic factors relating to income (median household income ranked 5th), employment (general unemployment levels ranked 8th), and education (bachelor’s degree and high school degree ranked 13th and 15th, respectively) rather than race and ethnicity (not one of the top 15 factors) (Figure 5c). These intercounty differences in the model results relating to sociodemographic factors are interesting to note and underscore the kinds of population differences that exist between the counties.




4.3.3. Feature Contributions for the Period Following the Rise in COVID-19 Cases


As the number of new COVID-19 cases began to spike in mid-June 2020, the second period captured some changes in the ranking of variables based on importance scores. Factors that ranked highest in importance during this period continued to be those related to travel and built environment (Figure 6). Both gross employment density (1st for all three counties) and the mean number of bar and restaurant visits (2nd for all three counties) continued to be top factors for all the models. In Palm Beach County, the importance scores for these two factors were much higher than for the other counties (Figure 6c). Built environment factors, e.g., street intersection density and road network density, were still present in the rankings. Job- and work-related factors, i.e., mean travel time to work and full-time and part-time work behaviors, were most important in Palm Beach County (ranked 3rd and 4th, respectively), while, for Miami-Dade County, full-time and part-time work behaviors were ranked 6th and, for Broward County, they ranked 10th. Mean travel time to work ranked 3rd in Palm Beach, 12th in Miami-Dade, and 15th in Broward County, underscoring how work-related factors seemed to continue as strong drivers in Palm Beach County, even with cases rising. Travel distance to beaches was ranked 5th for Broward and 8th for Palm Beach, while this factor was not in the top 15 for Miami-Dade County.



With respect to sociodemographic factors for the second time period, the percent of Hispanic population was a factor in all three county models, but was much more of a factor for Miami-Dade County, where it ranked 3rd, while it was 12th in Broward and 13th in Palm Beach. Black population was 8th in importance in Miami-Dade and 14th in Broward County (not present in the Palm Beach rankings). The age group 40–59 years was another common factor, but with different importance, as it ranked 4th for Miami-Dade, 7th for Broward, and 14th for Palm Beach, although the percent population corresponding to ages 40–59 was similar across the three counties (approximately 28%, 28%, and 26%, respectively). The factor of age 80 or above ranked at 10 in Miami-Dade and 15 in Palm Beach County. Conversely, the youngest age group (0–19 years) appeared only in Broward County and at rank 13.



The most noticeable change between the two time periods was that the factor representing the number of new COVID-19 cases was much higher ranked for the second time period, being 5th, 3rd, and 9th for Miami-Dade, Broward, and Palm Beach counties, respectively. The random forest model was able to discern that the increase in COVID-19 was increasingly important for mobility, even in Palm Beach County where, for the first period of time, COVID-19 cases were not in the top 15 factors explaining inflow mobility.



We also analyzed a random forest model trained using all three months together. The Palm Beach model returned the highest  r  value (0.6672), followed by Broward and Miami-Dade (0.5774 and 0.4946, respectively), which is similar to the order of model performance for the two separate time periods. The results showed that the rankings of important features were similar to the period from mid-June to late July (i.e., the second time period), with mean bar and restaurant visits, gross employment density, and the percent of Hispanic population being the top three factors for Miami-Dade. These three factors were within our expectations, since Miami-Dade County is different from the other two counties in terms of race and ethnicity. Gross employment density, mean bar and restaurant visits, and median percent of time dwelling at home were the top three factors for the Broward model. Similarly, mean bar and restaurant visits, gross employment density, and mean travel time to work were the top three factors for the Palm Beach model. The time spent dwelling at home for Broward County and the mean travel time to work factor for Palm Beach County both relate to social distancing, and suggest local county populations were sensitive to the changing COVID-19 situation and how that affected work travel decisions. In this model, new COVID-19 cases were ranked 4th for Broward, 5th for Miami-Dade, and 12th for Palm Beach, reflecting the situation that, with the lowest number of new COVID-19 cases, mobility in Palm Beach County was not as influenced by COVID-19 cases, while Miami-Dade and Broward counties experienced higher numbers of new COVID-19 cases, and mobility appeared to be sensitive to this situation. The increasing importance of COVID-19 cases as a driver for changing mobility patterns is evident in our models, demonstrating that the pandemic was indeed impacting mobility.






5. Discussion


For this research, we used random forest models to understand mobility patterns during the COVID-19 pandemic in three Florida counties, including Miami-Dade, Broward, and Palm Beach counties, and examined a set of sociodemographic, travel, and built environment explanatory factors, and their relative importance for explaining patterns of mobility in the context of rising COVID-19 cases. Much of the recent research investigating mobility under COVID-19 is at county-level or state-level across the U.S. [4,6,35,36], or at nation-level [3,30]. However, this research was undertaken at census-tract granularity to discover finer-grained patterns of mobility, as well as the drivers for mobility based on the number of inflow trips for each county.



Using a random forest model, we were able to compare the contributions of the explanatory variables over the three counties and over the two time periods. A changing relationship between important features was identified. Previous research suggested an association with COVID-19 cases, and reductions in mobility were correlated with the slowing of COVID-19 spread [4,6,46]. The results of our random forest model analysis indicated that new COVID-19 cases did have an overall impact on mobility for the three counties we analyzed. In Palm Beach County, for example, this factor was much less important until COVID-19 case numbers started to rise, when this factor shifted to become increasingly important for mobility. Other studies showed that socioeconomic and institutional factors (e.g., median age, percentage of the population employed in services, and percentage of health expenditure) may have limited effects for sustaining social distancing and reduced mobility [30], and studies have also indicated a noticeable correlation between mobility and socioeconomic factors [6,32,33]. Our random forest models revealed that sociodemographic factors (e.g., race, ethnicity, and age groups) did affect the number of inflow trips (e.g., the percent of the Hispanic population in Miami-Dade County, the age group of 40–59 in Broward County, and income and employment factors in Palm Beach County) and that, based on this result, this group of factors should be considered by decisionmakers and healthcare providers when considering strategies to reach different population groups during a spike in infections.



Due to not being able to collect and include all the variables that could be impactful for mobility, the model performance and overfitting issues could perhaps be improved by including more dimensions of data, e.g., COVID-19 mortality and hospitalization data that are strongly related to healthcare resource availability [47,48] and changes in employment due to the pandemic. In addition, estimates for essential workers were made using subcategories of occupation data in the 2019 ACS, while 2020 estimates might differ, which might also affect the random forest model results.




6. Conclusions


As the COVID-19 pandemic impacted the daily lives of individuals, this research found that, based on tracking inflow trips at census tract level for three counties in Florida, mobility was indeed impacted by COVID-19, especially when compared to mobility during the pre-COVID period (i.e., in 2019). In addition, during a summertime spike in COVID-19 cases, there were further impacts on the number of trips being made in each county. The set of key explanatory factors revealed by the random forest model were travel-related factors (e.g., social distancing and work travel-related variables) and built environment factors (e.g., gross employment density and street and road network density), while sociodemographic factors (race and ethnicity, age, household income) were also present. These three counties represent an urban region in the United States that has had a very high number of COVID-19 cases and that has high Black and Hispanic populations that have been particularly vulnerable to COVID-19 infections, as well as a significant population of individuals over the age of 65, also vulnerable to this infectious disease. These different factors that affect the number of trips made across this tri-county region (e.g., social distancing, work travel-related variables, and gross employment density) may be helpful for local officials and public health experts as they review steps and strategies, such as stay-at-home orders and business restrictions or closures. It is also important to note that counties have their unique local characteristics (sociodemographic, economic, points of interest), and our analysis showed how these different characteristics resulted in different sets of factor rankings for each county. While this study focused on counties in Florida, the methodology is generalizable to other locations across the U.S. and other regions. Future research could focus on the model performance improvement and overfitting elimination by including more variables that may be impactful on mobility, e.g., changes in employment during the pandemic, mortality and testing data if available, and trips to additional POIs. Further research on modified random forest approaches, e.g., geographically weighted random forest, could offer new opportunities for improved spatial data handling.
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Figure 1. Inflow trips per person per census tract 05/01–07/31/2020 in Miami-Dade, Broward, and Palm Beach counties. 






Figure 1. Inflow trips per person per census tract 05/01–07/31/2020 in Miami-Dade, Broward, and Palm Beach counties.



[image: Ijgi 10 00440 g001]







[image: Ijgi 10 00440 g002 550] 





Figure 2. Median daily inflow trips per person and daily new COVID-19 cases (05/01–07/31/2020) for (a) Miami-Dade County, (b) Broward County, and (c) Palm Beach County. 
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Figure 3. Bivariate mappings of COVID-19 cases per 10,000 people and (a) percent of Hispanic population, (b) percent of White population, and (c) percent of Black population. 
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Figure 4. Mobility-related behaviors during 05/01–07/31/2020, including (a) median percent of time dwelling at home, (b) percent of devices completely at home, (c) percent of both full-time and part-time work behaviors (i.e., devices spending over three hours away from home), and (d) mean bar and restaurant visits. 
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Figure 5. The relative importance of the top 15 variables to the number of inflow trips per person (05/01–06/15/2020) using random forest models for (a) Miami-Dade County, (b) Broward County, and (c) Palm Beach County. 
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Figure 6. The relative importance of the top 15 variables for the inflow trips per person (06/16–07/31/2020) using random forest models for (a) Miami-Dade County, (b) Broward County, and (c) Palm Beach County. 
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Table 1. Demographics of Miami-Dade, Broward, and Palm Beach counties.
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Miami-Dade

	
Broward

	
Palm Beach






	
# of Census Tracts

	
519

	

	
362

	

	
338

	




	
Total population

	
2,699,428

	

	
1,926,205

	

	
1,465,027

	




	
Race and ethnicity

	

	

	

	

	

	




	
  Black

	
469,202

	
17.38%

	
551,097

	
28.61%

	
273,384

	
18.66%




	
  White

	
2,028,500

	
75.15%

	
1,170,083

	
60.75%

	
1,077,422

	
73.54%




	
  Non-Hispanic

	
850,503

	
31.51%

	
1,351,916

	
70.19%

	
1,137,087

	
77.62%




	
    Black Non-Hispanic

	
426,336

	
15.79%

	
530,990

	
27.57%

	
266,676

	
18.20%




	
    White Non-Hispanic

	
356,026

	
13.19%

	
698,805

	
36.28%

	
799,422

	
54.57%




	
  Hispanic

	
1,848,925

	
68.49%

	
574,289

	
29.81%

	
327,940

	
22.38%




	
    Black Hispanic

	
42,866

	
1.59%

	
20,107

	
1.04%

	
6,708

	
0.46%




	
    White Hispanic

	
1,672,474

	
61.96%

	
471,278

	
24.47%

	
278,000

	
18.98%




	
Gender

	

	

	

	

	

	




	
  Male

	
1,311,459

	
48.58%

	
938,043

	
48.70%

	
710,241

	
48.48%




	
  Female

	
1,387,969

	
51.42%

	
988,162

	
51.30%

	
754,786

	
51.52%




	
Median household income (USD)

	
52,669

	

	
57,433

	

	
62,571

	




	
Age group

	

	

	

	

	

	




	
  0–19

	
615,919

	
22.82%

	
451,353

	
23.43%

	
313,436

	
21.39%




	
  20–39

	
736,246

	
27.27%

	
501,570

	
26.04%

	
338,567

	
23.11%




	
  40–59

	
765,800

	
28.37%

	
539,530

	
28.01%

	
373,605

	
25.50%




	
  60–79

	
459,748

	
17.03%

	
349,128

	
18.13%

	
331,428

	
22.62%




	
  80 and above

	
121,715

	
4.51%

	
84,624

	
4.39%

	
107,991

	
7.37%
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Table 2. Numbers of bars and restaurants in Miami-Dade, Broward, and Palm Beach counties during May–July 2020 (from SafeGraph).
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	POI
	Miami-Dade
	Broward
	Palm Beach





	Bars
	68
	48
	45



	Restaurants
	5609
	3725
	2605
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Table 3. Explanatory variables and the dependent variable used in this study.
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Category

	
Variables

	
Sources






	
Explanatory variables




	
Sociodemographic

	
Median household income

Unemployment rate

Average household size

Percent of population with low, medium, and high wages

Percent of population with high school degree

Percent of population with bachelor’s degree or above

Percent of the Black population

Percent of the White population

Percent of the Hispanic population

Sex ratio (number of males per 100 females)

Age groups 0–19, 20–39, 40–59, 60–79, 80+

Percent of the population working from home

Percent of population defined as essential workers

	
2019 ACS




	
Travel-related

	
Mean travel time to work

Distance to beach

Percent of time dwelling at home

Percent of devices completely at home

Percent of full-time and part-time work behaviors

Mean bar/restaurant visits

	
2019 ACS and SafeGraph




	
Built environment

	
Gross employment density

Total road network density

Street intersection density

Distance from centroids to the nearest transit stop

	
Smart Location Database




	
COVID-19

	
Cumulative COVID-19 positive cases (05/01–07/31/2020) per 10,000 people

	
Florida DOH




	
Dependent variable




	
Mobility

	
Inflow trips per person per census tract (05/01–07/31/2020) at census tract level

	
MTI
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Table 4. Total inflow trips for 05/01–06/15/2020 and 06/16–07/31/2020 for Miami-Dade, Broward, and Palm Beach counties.
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	County
	05/01–06/15
	06/16–07/31
	Change (%)





	Miami-Dade
	388,724,381
	365,125,529
	−6.07



	Broward
	280,165,073
	262,556,430
	−6.29



	Palm Beach
	219,750,854
	196,404,838
	−10.62
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Table 5. Pearson correlation analyses between inflow trips per person and median household income and age groups for Miami-Dade, Broward, and Palm Beach counties for 05/01–06/15/2020 and 06/16–07/31/2020.






Table 5. Pearson correlation analyses between inflow trips per person and median household income and age groups for Miami-Dade, Broward, and Palm Beach counties for 05/01–06/15/2020 and 06/16–07/31/2020.





	

	
Miami-Dade

	
Broward

	
Palm Beach






	

	
05/01–06/15

	
06/16–07/31

	
05/01–06/15

	
06/16–07/31

	
05/01–06/15

	
06/16–07/31




	
Income

	
0.0957 *

	
−0.0268

	
−0.0301

	
−0.1097 *

	
0.1570 **

	
0.0247




	
Age group

	

	

	

	

	

	




	
0–19

	
−0.0701

	
−0.0717

	
−0.1742 ***

	
−0.1593 **

	
0.0379

	
0.0517




	
20–39

	
0.0576

	
0.1256 **

	
−0.0069

	
0.0303

	
0.1434 **

	
0.1732 **




	
40–59

	
−0.0965 *

	
−0.1566 ***

	
0.1398 **

	
0.1146 *

	
0.1296 *

	
0.1262 *




	
60–79

	
0.0344

	
0.0148

	
0.0652

	
0.0386

	
−0.0993

	
−0.1244 *




	
80 or above

	
0.0973 *

	
0.0771

	
0.0081

	
0.0068

	
−0.1338 *

	
−0.1404 **








Note: * p < 0.05, ** p < 0.01, *** p < 0.001.
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Table 6. Random forest model performance for 05/01–06/15/2020 and 06/16–07/31/2020 for Miami-Dade, Broward, and Palm Beach counties.
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Miami-Dade

	
Broward

	
Palm Beach






	

	
05/01–06/15

	
06/16–07/31

	
05/01–06/15

	
06/16–07/31

	
05/01–06/15

	
06/16–07/31




	
  r  

	
0.5104

	
0.6068

	
0.5496

	
0.6712

	
0.6781

	
0.6766




	
    R 2    

	
0.2555

	
0.3549

	
0.2964

	
0.3666

	
0.4358

	
0.4415




	
   R M S E   

	
34.03

	
33.31

	
44.22

	
42.67

	
37.27

	
37.80




	
   M A E   

	
27.21

	
26.64

	
36.61

	
35.48

	
31.14

	
28.89
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