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Abstract. Global climate change and urban transportation’s significant
contribution to carbon dioxide emissions necessitate context-sensitive strategies
for sustainable mobility. While improving public transport construction is a
recognized approach to reducing emissions, its effectiveness in cities with
complex topography remains underexplored. This study addresses this gap by
proposing a quantitative framework to assess the CO: reduction potential of
accessibility interventions in mountainous urban areas, using Chongqing central
urban area—a city characterized by steep slopes—as a case study. The
framework integrates terrain-specific variables (e.g., pedestrian slope gradients,
elevation), built environment, and public transport accessibility to evaluate the
emission impacts of minibus deployments—a terrain-adaptive intervention, and
the rail frequency change. Results show that minibuses are most effective in areas
with steep terrain (average slope of 30.4% or more) and insufficient public
transportation services; in flat (average slope of 15.95% or less) or well-served
areas, however, they may cause duplication and higher emissions. In abrupt slope
(average slope of 22.8%-30.4%) areas, carbon reduction is moderate due to
limited accessibility improvement. Additionally, rail service frequency
adjustments yield varying effects: increasing frequency on high-demand
corridors like Line 1 significantly reduces emissions by enhancing inter-center
connectivity, whereas reducing frequency on lines like the Circle Line can
improve efficiency and lower emissions due to oversupply avoidance. These
findings underscore that the carbon reduction potential of transport interventions
depends on terrain, existing transit density, and service roles.

Keywords: Public Transport Accessibility, Carbon Dioxide Emission,
Geographically Weighted Random Forest Model.

1 Introduction

Global climate change is a pressing issue, with cities contributing significantly to green-
house gas emissions. The transportation sector, heavily reliant on fossil fuels, is a major
source of CO: emissions [1]. Rapid urbanization and rising motorization in recent dec-
ades have exacerbated this problem, making carbon reduction in urban transport a key
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research focus. Effective regulations to curb CO: emissions are essential for sustainable
urban development.

Enhancing public transport accessibility is a proven strategy for reducing CO-
emissions by encouraging shifts from private cars to sustainable modes. Research
shows that improved service quality and infrastructure investment reduce vehicle kilo-
meters traveled (VKT) and associated emissions [2]. However, the effectiveness of
these policies is highly dependent on geographic and urban contexts.

In cities with significant topographic relief, conventional public transport systems
face unique challenges. Steep slopes and fragmented road networks limit the expansion
of conventional transit services, reducing service coverage and increasing reliance on
private vehicles [3]. Moreover, the uneven spatial distribution of demand in hilly cities
further complicates accessibility planning, as transit infrastructure and operational
strategies need to adapt to local terrain constraints [4].

Despite extensive research on public transport accessibility and CO: reduction,
few studies have specifically examined the role of minibuses in improving transit ac-
cessibility in mountainous cities. Minibus services, which can offer greater flexibility
and adaptability to steep terrains, have the potential to bridge accessibility gaps where
traditional transit modes struggle to operate. However, their impact on CO. emissions
remains underexplored, particularly in the context of China’s carbon neutrality goals.
As China aims to peak carbon emissions by 2030 and achieve carbon neutrality by
2060, optimizing urban transport strategies for emission reduction in topographically
complex regions is of critical importance [5]. Also, the CO- reduction from rail depar-
ture frequency changing remain not scrutinized.

This study aims to develop a quantitative framework to assess the CO2 emission
reduction benefits of minibus-based public transport accessibility interventions in
mountainous cities, and rail departure frequency changing. Focusing on the central ur-
ban area of Chonggqing, the research evaluates how targeted accessibility improvements
in steep terrains contribute to CO: reduction. By integrating topography-sensitive ac-
cessibility analysis with emission estimation, this study provides insights for policy-
makers and urban planners seeking to optimize sustainable transport strategies under
complex geographic constraints.

2 Methodology

2.1 Research Area

This study focuses on the central urban area of Chongqing, a mountainous city in South-
western China. The region is characterized by steep topography and a multi-centered
spatial structure, which together present significant challenges for pedestrian move-
ment and public transportation usage. To explore sustainable public transport solutions,
the central urban area was selected as the case study.
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2.2 Quantitative Assessment Framework and Data Processing

Building on Wu et al. [6], we applied a Geographically Weighted Random Forest
(GWRF) model to predict neighborhood-level CO: emissions using built environment,
transit accessibility, road network, topography, and demographic data. Scenario based
interventions—minibus deployment and rail frequency change—were simulated by ad-
justing relevant variables. The model then estimated post intervention emissions, and
emission reductions were calculated by comparing with baseline values. GWRF cap-
tures spatial heterogeneity and non-linear relationships, ensuring high prediction accu-

racy [7].
The study area was divided into 1x1 km grids (n=7,224). Key datasets include:
arbon dioxide emissions (2022): ODIAC database

(https://www.nies.go.jp/doi/10.17595/20170411.001-e.html) ; Population: Oak Ridge
National Lab (LandScan 2022); Road network and topology: OpenStreetMap (OSM);
indicators: meshedness coefficient and road density; Land Use: CLCD and EULUC-
China [8, 9]; Public Transport Facilities: 2022 Amap API; Digital elevation model:
ALOS 12.5m resolution DEM; Economic level: Nighttime light (DMSP-OLS);
Jiefangbei is chosen as CBD.

Accessibility was calculated using a terrain-sensitive PTAL model [10]. Walking
distance was converted to metabolic equivalent distance using slope-adjusted func-
tions [11], respecting national planning standards (GB/T 51328-2018). We used PTAL
index weighted by service efficiency (bus = 0.5, rail = 1.0).

Destination accessibility was evaluated by cumulative opportunity (40-min thresh-
old) to six facility types — medical, education, recreation, culture, shop, office, calcu-
lated in ArcGIS Pro and synthesized via principal component analysis [12].

2.3  Topographic Relief - Public Transport Facility Classification and Public
Transport Intervention Scenarios

This study proposed and simulated terrain-sensitive public transport intervention sce-
narios—minibus deployment based on a classification framework that integrates topo-
graphic relief and public transport facility distribution (see figure 1), and rail departure
frequency change scenario. Neighborhoods were classified using slope thresholds
grounded in urban planning standards, supplemented by quantile classification in
ArcGIS Pro to ensure balanced groupings (see table 1).

In the minibus scenario, terrain-adaptive routes were introduced on secondary road
networks, assuming 6-minute headways. These minibuses were strategically deployed
across different combinations of topographic relief-public transport facility classifica-
tions (see figure 3), allowing for comparison of each category’s contribution to total
city-wide carbon emissions.

In the rail departure frequency change scenario, the service frequencies of Line 1
and the Circle Line—the two lines with the highest ridership—were adjusted by -30%—
+50%. This aims to evaluate the impact of frequency changes on overall car-bon emis-
sions under varying levels of service intensity.
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Table 1. Minibus deployment in Topographic Relief — Public Transport Facility Classification

Total imported

Range of Number of minibus  route

Classification Total imported

Slope neighborhoods length(km) minibus stops
gﬁélitjl;rrﬁsp%nhave [1%’.95%) 1265 3559.43696 4384
Siﬁﬁfggﬁﬁpoﬁ‘ fe [1%’_95%) 543 801.985319 495
i)(:l‘glislt(gispggrthave 51252%?’/03, 1038 2287.38988 3002
owmport | 2oawey 75 susse Tl
;Eﬁfg tsrfrii)ﬁthave 5%)24%2;@ 741 1153.07083 1900
ot waneport - S0.av 167 08695252 999
;tlfgﬁcstlr(;i:picnhave ES(()%“)%’ 480 513.577955 868
steep slope & no [30.4%, 1326 43.045934 1059

public transport 75%)
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Table.2 Statistical description of independent variables

mean std min max

Dependent variable
CO; emissions (ton) 85.9958  202.453 0 2313.47

Independent variable
Public Transport Accessibility
Destination accessibil-

ity 0.022432  0.098735 0 1
PTAL 0.962482 2.086628 0 21.37521
Built environment
Population 1045.691 3210.346 0 50167
Diversity of facilities 0.234076  0.436726 0 1.656947
Agriculture land area
(k) 0.498869 0.326937 0 1
Residential land area
(k) 0.086539 0.232384 0 1
Commercial land area

0.00216  0.02324 0 0.576492
(km?)
Industrial land area
(k) 0.060244  0.190312 0 1
Distance to CBD (km)  34.10663  14.10318 0.41739 72.26445
Number of metro sta- 31146 0194053 0 3
tions
Number of bus stops 0.896456 1.714319 0 14
Density of bus routes 4 178193 9300794 0 119.718

(km)
Road network characteristics
Meshedness coeffi-

cient 0.000699 0.018742 -0.333333 0.190476
Road density (km) 2.590212  3.286669 0 23.89762
Social demographic
Economic Level 32.79651 27.53377 0 63
Average housing price 176 677 3890.954 0 35769
(yuan)
Topographic relief
Elevation (m) 355.2342  160.8533 113.3718 1240.669
Slope (%) 23.57014  9.699166 2.718866 74.00731
Average slope of pe-

5.785581 4.576328 0 47.25596

destrian (%)




Quantitative Assessment Framework of Carbon Dioxide Emission ... 97
3 Results and Discussion

3.1 Model Performance

When applying the assessment framework, the GWRF model’s hyperparameters were
optimized using a 20% test set. The final settings were: ntree = 700, mtry = 10, and an
adaptive kernel bandwidth of 100 nearest neighbors. Model performance was evaluated
using MAE, RMSE, and R2. As shown in Table 3, the GWRF model out-performs the
RF model, with lower RMSE and MSE and higher R?, indicating greater accuracy and
reliability.

Mean Value of Local Feature Importance

Distence to CBD 173411.22
Population 168005.17
Elevation e 58805.11
Housing Price m—————— 51791.23
Average slope of pedestrian "—— 42334.39
Bus routes density = 37716.81
Residential land area = 37470.19
Agriculture land area = 3733934
Destination accessibility = 32071.06
Road density m——— 30726.11
Average slope mmmm——m ?5743.51
Commercial land area m— 24914.80
Diversity of facilities w——m 7344905
Meshedness of road network wmm=m 77625.04
Bus stops mmmmm 7165451
Industrial land area == 17191.29
Public transport accessibility level === 11138.86
Economic Level ™ 5194.70
Metro station ® 3546.69

Varaibles

0 40000 80000 120000 160000 200000
IncNodePurity

Fig.2 Mean value of local feature importance

Table 3. Model performance of GWRF model and RF model

Model MAE RMSE R?
RF 33.292 99.44 0.782
GWRF 17.56 80.084 0.859

3.2  Carbon Dioxide Emissions Reduction Comparison Among Different
Scenarios

As shown in Figure 3, we estimated citywide carbon emission changes after introducing
minibuses across different neighborhood types using our proposed framework. In areas
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with existing public transport, flat, low slope, and abrupt slope regions all showed no-
table negative carbon reductions, indicating poor reduction. This is likely due to already
well-established transit networks, where adding minibus services cause redundancy,
low utilization, and potential increases in operational emissions.

In abrupt slope areas, minibuses improve connectivity but failed to significantly
reduce car use due to limited frequency or weak integration with existing systems. Steep
slope areas showed a positive carbon reduction of +163.58 tons. This reflects the pre-
viously inadequate public transit coverage caused by terrain constraints. Here, mini-
buses significantly improved last-mile access, encouraging a shift from private vehi-
cles, especially as walking is physically demanding in steep areas. In areas without
existing public transport, overall emission reductions are positive. Flat terrain still
shows negative reductions, due to good walkability and bike access. However, low
slope, abrupt slope, and steep slope areas see reductions of 436.51, 191.79, and 308.21
tons, respectively, demonstrating that minibuses effectively addressed transit gaps.
Overall, minibuses are more effective in underserved areas, while offering limited ben-
efits or inefficiencies in areas with existing transit.
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Fig.3. Citywide carbon dioxide emission reductions after introducing minibuses in neighbor-
hoods with different classifications

3.3  Further Analysis of Minibus Deployment on Flat Terrain and Low Slope
Area

To further analyze the effectiveness of minibuses in different terrains, we examined the
CO: emission reduction effects after importing minibus into neighborhoods with flat
terrain and low slope areas by considering number of bus stops (for flat terrain area, the
threshold was set as 2 and 7, for low slope area, the threshold was set as 2 and 6) and
the presence or absence of metro systems. The findings are presented in figure 4.

It was discovered that minibuses, especially on flat terrain, tend to have a bene-
ficial CO: reduction effect in areas with few bus stops and metro systems. Their adop-
tion frequently has detrimental effects on CO: reduction in places with high or medium
bus stops, particularly in neighborhoods with metro systems.

For neighborhoods with metro systems, in flat terrain with high bus stops num-
ber, the CO: emission reduction is -475.04 tons, indicating a poor reduction effect. This
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suggests that the introduction of minibuses may introduce inefficiencies or redundan-
cies in areas with already high public transport coverage. In flat terrain with medium
bus stops number, the CO: emission reduction is -1349.44 tons, showing an even worse
reduction effect, exacerbated by redundant minibus operations and overlapping ser-
vices with medium-density bus stops. Conversely, in flat terrain with low bus stops
number, the CO: emission reduction was +231.93 tons, demonstrating a positive im-
pact. Here, the lower bus infrastructure meant that minibuses provided much-needed
coverage and reduced reliance on private vehicles.

For neighborhoods without metro systems, the deployment of minibuses in flat
terrain still results in a negative impact on CO: reduction. This may be because, in flat
terrain without metro systems, residents already have well-integrated connections to
bus stops and related facilities, making additional minibus connections redundant and
potentially wasteful. However, in regions with low slopes and high bus stops number,
travel demand remains high, but topographic variations increase the walking distance
to metro stations.

Have metro No metro

124.06

audr
- . I
-1000
o 5 o )

N
o

79.98

0 -
-
=500
Abbreviation Key of Classification:
1000 « Topographic Relief:

FT = Flat terrain
-1500 LS = Low slope
+ Bus Level;

LB = Low number of bus stops

MB = Medium number of bus stops
~2500 HB = High number of bus stops

~2000

|
3
H

* Metro Status:
HM = With metro station
NM = Without metro station

Reduction of city wide carbon dioxide emission(ton)
o
& & b
g 3 8
g 8 8

Reduction of city wide carbon dioxide emission(ton)

o~
=
8
8

¢ 9

S N « « S S & S S < S
& & & & & o S
N N4 N N £ Sl & < il & <
& ¢ & & & & ¢ & & ¢
& X o o R £ & £
& & & & & P & Cd

Classification of neighborhoods Classification of neighborhoods

Fig.4. Citywide carbon dioxide emission reduction after introducing minibuses in flat terrain
neighborhoods and low slope neighborhoods with different public transportation

3.4 Rail Departure Frequency Changing Scenario

As shown in Figure 5, Line 1’s CO2 emission reductions increase with higher metro
frequency, peaking at a 50% frequency increase. In contrast, the Circle Line sees its
greatest emission reduction with a 30% frequency decrease, and benefits declined as
frequency rise. This contrast stems from the lines’ differing roles. Line 1 links major
hubs like Chaotianmen and University Town. A 0-30% frequency reduction can shift
some passengers to more efficient lines, temporarily enhancing emission savings. How-
ever, increasing Line 1’s frequency improves connectivity, reliability, and ac-accessi-
bility, encouraging modal shift from private cars to metro use, thereby significantly
lowering CO: emissions. Hence, service enhancement on Line 1 yields notable envi-
ronmental benefits, while reduction outcomes depend on broader network responses.
Conversely, the Circle Line supports transfers across the network and serves areas
already well-covered by public transport. Its ridership is more influenced by network
coverage and transfer demand distribution. Increasing its frequency may not attract sig-
nificantly more riders and can lead to inefficient resource use. In such contexts, a mod-
erate frequency reduction improves operational efficiency and may indirectly enhance
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carbon savings. Therefore, optimal frequency adjustments should consider each line’s
function and its interaction with the entire transit network to maximize environmental
gains.

Linel Circle Line

331.78
252.54

300 293.66  293.80  290.21
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Fig.5. Citywide carbon dioxide reduction after changing departure frequency of line 1 and circle
line

3.5 Policy Implications and Recommendations

Minibuses offer a low-carbon solution for steep areas (slope >15.95%), especially
within 30.4—75% slope zones where conventional buses are less feasible. In such ter-
rain-challenged neighborhoods, deploying minibuses enhances last-mile connectivity
and reduces car reliance, thus lowering emissions. However, in flat areas with good
transit coverage, expanding minibus fleets may be inefficient; improving existing ser-
vices or sustainable micromobility service is more suitable.

Rail frequency adjustments show varying effects: increasing frequency on high-
demand lines like Line 1 significantly cuts emissions by encouraging modal shift. Con-
versely, on transfer-oriented lines like the Circle Line, moderate frequency reductions
may yield more carbon savings by avoiding oversupply. Tailoring strategies to local
demand and network roles are essential for maximizing environmental benefits.

4 Conclusion

This study proposed a quantitative framework to assess CO2 emission reductions from
public transport accessibility improvements in topographically complex cities, using
Chongqing as a case study.

Results show that minibus deployment is most effective in steep, underserved ar-
eas by improving last-mile connectivity and reducing private vehicle reliance. In con-
trast, in flat and well-served zones, added minibus services may lead to redundant op-
erations and even increased emissions. Although carbon reductions in steep areas were
modest, they still outperformed flatter areas due to partial accessibility gains.

The study also examined rail frequency adjustments. On core lines like Line 1,
increasing frequency improved connectivity between key nodes and yielded greater



Quantitative Assessment Framework of Carbon Dioxide Emission ... 101

carbon savings. Meanwhile, reducing frequency on the transfer-focused Circle Line
achieved better outcomes by avoiding oversupply.

These findings offer practical guidance for mountainous cities like Guiyang, Hong
Kong, and Nagasaki. Minibus and rail strategies should be context-sensitive to maxim-
ize environmental benefits. Future research should address model limitations by ex-
ploring how travel demand, demographics, and land-use patterns interact with transport
interventions.
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