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Earth in the Solar System
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地球基本参数
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•日地距离: 平均1.496e8 km, or 1 AU （range：0.973–1.017 AU）

•地球轨道偏心率：0.0167（周期：40万年、10万年）

•地球自转轴角度：～23.5º（周期：4.1万年）

•地球自转轴进动（岁差；周期：2.6万年）

•地球公转周期：1年，自转周期：1天

•地球半径：～6371 km（极半径 6357 km，赤道半径 6378 km）

•太阳常数：日地平均距离处的太阳辐射，1361–1362w/m2

•地球系统的太阳辐射返照率：～29%，太阳辐射量净量：～
240 w/m2

米兰科维奇理论？



地球简史：地质年代
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地球年龄：约46亿年

地质年代：宙（Eon）、代
（Era）、纪（Period）、世
（Epoch）、期（Stage/Age）、
时（Chron）

现在地球处于显生宙、新生代、
第四纪、全新世

人类世(Anthropocene)?



地球系统
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大气圈

生物圈冰圈
（冰川、两极）

水圈
（河湖海、降水）

岩石圈
（陆地、土壤）
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大气体积百分比：
N2：78%，O2：21%，Ar：0.93%，CO2：0.04%，H2O：< 6%，可变



地球系统中的气候和生地化循环
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气候态
碳循环
氮循环
硫循环



Earth Energy Balance (Start of 21st Century)
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• Planetary albedo: ～29% (surface 7%, atmosphere 22%)

• Thanks to GHGs, the Earth surface temperature increases 
from -15⁰C to 18⁰C
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IPCC, 2021



Vertical Distribution of Air Temperature and Its Drivers
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Global Seasonal Surface Air Temperature: 1983-2004
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Global Precipitation: 1979-2008
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Atmospheric Circulation (三圈环流)
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Understanding the Global Carbon Cycle

The global CO2 cycle and budget have significantly 
intertwined with the climate system in the Earth history

Human-induced CO2 increases have profoundly affected 
the climate and biosphere in the past centuries

Increasing CO2 in the future would continue to impact  
our living environment to an extent that damage is 
irreversible

To understand and predict future climate, we need to be 
able to predict future CO2 cycle and budgets
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Global Carbon Cycle

13IPCC, 2021

900 PgC in 2023for 2019



Ocean-Air Carbon Flux

14CO2 + CO3
2- + H2O ↔ 2 HCO3

-

At pH = 8.1
HCO3

- = 90%
CO3

-2   = 9%
CO2      = 1%



Ocean-Air Carbon Flux
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Jiao Nianzhi et al., Nature Reviews Microbiology, 2024



Ocean-Air Carbon Flux
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DIC: CO2，HCO3
-，CO3

2-

DOC
POC

IPCC, 2021正值为净排放



Land-Air Carbon Flux
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全球植被分布图
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Greening in China in the 21st Century
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中国气候变化蓝皮书 2020

2019年

中国归一化差植被指数(MODIS)



Changes in Global CO2 Emissions
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IPCC, 2021



Changes in Global Anthropogenic CO2 Emissions
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Liu et al., 2015, Nature

Liu et al., Nature, 2015



Changes in Global Anthropogenic CO2 Emissions
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Wikipedia



Recent Trend in CO2 Concentrations: 1958/03–Present
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https://gml.noaa.gov/ccgg/trends/



Accelerating Global Atmospheric CO2 Growth
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IPCC, 2021



CO2 Lifetimes
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IPCC, 2013



Global Methane Cycle
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IPCC, 2021

可燃冰：CH4水合物

Lifetime: ~10 years

for 2019



Global CH4 Growth
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Turner et al., 2019, PNAS

Fletcher et al., 2019, Science



Global Nitrogen Cycle: Why Should We Care?

 Good: Important nutrition for agriculture, 
ecosystem

 Bad: Precursor of ozone, aerosols

 Bad: Adverse effects on air quality, climate, acid 
deposition, eutrophication,  biodiversity threat

 Species: NOx, NOy, NH3, NH4, N2O
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Global Nitrogen Cascade
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IPCC, 2013

Haber-Bosch Process: N2 + 3H2 (+ Catalyst) ↔ 2NH3



Global Reactive Nitrogen Creation

30
Battye et al., 2017

Anthropogenic

硝化
反硝化



Anthropogenic NOx Emissions: 1950-2014

31CEDS inventory



NO3
- Wet Deposition in 2000
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Lamarque et al., 2013, ACP, Multi-model mean



Tropospheric NO2 Column: 2005-2019
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www.temis.nl



Near Surface NO2 Concentrations Over China: 2021
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国家标准：40（年均），80（24小时），200（1小时）
WHO指导值：10（年均），25（24小时）

Data source: MEE



Near Surface NO2 Concentrations Over China: 2019-2020
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国家标准：40（年均），80（24小时），200（1小时）
WHO指导值：10（年均），25（24小时）

Wei et al., EST, 2022

Estimated based on satellite NO2 VCDs and machine learning



Emission Trends in MEIC Database: NOx
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Source: Bo Zheng



High-Resolution NOx Emission Retrieval Data
Reveal Large Inter-City Disparity in Anthro. Emis. Trends
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2013*

Emission change versus Economic volume

2019*

Kong et al., in prep

PHLET-OMI

10



Anthropogenic NH3 Emissions: 1950-2014

38CEDS inventory



Large Uncertainty in Anthropogenic NH3 Emissions in China

39Zhang et al., 2017, ACP



NH4
+ Wet Deposition in 2000
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Lamarque et al., 2013, ACP, Multi-model mean



Bulk Nitrogen Deposition in China: 1980-2010
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Liu et al., 2013, Nature

Wet + 
some Dry

Mostly 
inorganic



Excess Nitrogen (N*) in Surface Ocean: 1980-2010
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Kim et al., 2011, Science



Nitrous Oxide Budget: 2007–2016
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IPCC, 2021

Lifetime: ~120 years



N2O Emitted from Agriculture/Biosphere
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Emissions of N2O and Their Changes

45IPCC, 2021



Anthropogenic N2O Emissions: 1970-2008
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1970 

2008 



Growth in N2O Concentrations
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IPCC, 2021



Global Sulfur Cycle
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Oxidation States of Sulfur
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羰基硫

二硫化碳

二甲基硫醚

二硫化铁



Global Sulfur Cycle

50

a few days



Global Sulfur Emissions
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Anthropogenic SO2 Emissions: 1950-2014

52CEDS inventory



SO4
-2 Wet Deposition in 2000
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Lamarque et al., 2013, ACP, Multi-model mean



Emission Trends in MEIC Database: SO2

54Source: Bo Zheng



Trends of SO2 VCD from OMI: 2005-2010
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Near Surface SO2 Concentrations over China: 2021
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国家标准：60（年均），150（24小时），500（1小时）
WHO指导值：40（24小时）

Source: MEE



pH Value in Precipitation
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2000年

中国环境状况公报

2011年

2021年



Radiative Forcing of Emitted C, N and S
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IPCC, 2021



Quiz

1. Causes of difference in air temperature between 
the Arctic and the Antarctic

2. Causes of slow-down in atmospheric CH4 growth 
rate in the 1980s-1990s and regrowth since 2007

3. Causes of seasonality in atmospheric CH4

4. Causes of seasonality in atmospheric NO2

5. Causes of horizontal distribution in sulfur emissions 
from oceans
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地球简史：地质年代
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Global Carbon Reservoirs
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Old estimates

~900 GtC in 2023



Future Changes in Fossil Fuel Carbon
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IPCC, 2013



Future Changes in CO2 Burden and Sinks
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IPCC, 2021



Global Nitrogen Cycle
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NOx Emissions by Source
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卫星观测：中国东部NOx污染每年增长 7%
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2002-2011年华北地区NO2年际变化

Lin et al., 2013



Increasing NOx Emissions Observed from Space

67Lin and McElroy, 2011



Anthropogenic Emissions of SO2 for 2006 in Asia
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SO2 Emissions

69



Decreases in SO2 over Central Eastern China after 2007
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Emissions

OMI


