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What is a numerical ocean model？
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Historical perspective and the interest 
in ocean modeling
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What is the purpose of ocean modeling?

• process studies (examples: simple, more complex, 
realistic)

• environmental monitoring, impact studies(examples: how 
would sea-level rise impact coastal flooding?, how would 
building a dam impact river plume?, oil spill prediction, etc.)

• forecast systems
✦ nowcast/hindcast (study past or present events)

✦ real-time short-term ocean forecast (days-weeks)

✦ long-term prediction (seasonal to future climate)

• coupling with other models:
✦ coupled ocean-atmosphere-land models

✦ coupled physical-biological or ecosystem models

✦ couple with oil/pollution spill models
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Why is this growing 
interest in numerical ocean 
modeling and prediction?

• Exponential growth in computers’ speed and 
memory (supercomputers& PCs): Moore’s Law: 
doubling every 2y
✦ Allowing more realistic models with higher resolution

• Advances in satellite observations of the global 
ocean
✦ Allowing data assimilation, evaluation and prediction
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Ocean v.s. Atmospheric
• Note that advances in ocean prediction systems is 

decades behind atmospheric weather forecasting:
✦ Numerical weather forecasting started in the 1950s 

(Charney, von Neumann and others)

✦ Ocean forecasting only in the 1980s-1990s!

• Why?
✦ public demand?

✦ oceanic scales

✦ data availability

✦ data assimilation methodologies

✦ insufficient computational capabilities
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Kinetic Energy Spectrum for the Atmosphere and the Ocean
(Woods, 1985; Bryan, 1990)
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Class of ocean models(vertical grid)
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So many ocean models
• There are many different ocean models now 

freely available:
✦ we do not need to write the computer code from 

scratch

• but…
✦ we need to know the differences between the 

models

✦ we need to understand how ocean models work 
and what type of model may be better for 
particular problem
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Some Questions
• What is the advantages or disadvantages of 

each model?

• Are differences in the models make any 
difference in the results? (there is only one 
“real ocean”…)

• What model should we choose for our own 
application?
✦ a single model may not provide all the answers

✦ model-data or model-model comparisons are 
useful evaluation methods
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Review of Physical Oceanography Properties and Definitions
(with special emphasis on those used in ocean modeling)

• Note that this talk is focused on modeling of the physical properties of 
the ocean (other ocean models may also include aspects of biology, 
chemistry, ecology, etc.). Therefore, we are mainly interested in 
predicting:

Cartesian coordinates (x, y, z)

Temperature, T (oC, oK=273+oC)
(models often use potential temperature, θ,
instead of in-situ, T)

Salinity, S (‰, ppt, psu)
(total amount of dissolved material in grams
in one kilogram of sea water)

Velocity components u, v, w
or V (vector) (m/s)
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Primitive Equations Ocean Models

• What equations numerical ocean models need to 
solve?

• How do models solve these equations?

• What assumptions are made in each model and 
how they may affect the results?
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Physical Oceanography Equations

• Conservation of momentum for solving velocity (u,v,w)
✦ (based on Newton’s 2nd law: F=ma)

• Conservation of heat for solving temperature (T)

• Conservation of salt for solving salinity (S)

• Conservation of mass for solving density (ρ)

Eventually the goal is to find the state of the ocean,
i.e., to solve the 3-dimensional (3D) time-dependent fields:
u(x,y,z,t), v(x,y,z,t), w(x,y,z,t), T(x,y,z,t), S(x,y,z,t), ρ(x,y,z,t)
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The Equations of Motion
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Conservation of heat and salt: The 
Temperature and Salinity Equations
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Summary of the Equations
• 7 unknowns: func(x,y,z,t) u, v, w, P, ρ, S, T

• 4 prognostic Equations: 
 u, v, T, S

• 3 diagnostic Equations:  
w, P, ρ

We have 7 equations and 7 unknowns so 
we can solve this set of differential 
equations. But how? 

13年3月25日星期⼀一



Models that solve the complete set of equations are called
Primitive Equations Models

Notes:
• One of the biggest challenges in modeling is how to parameterize or calculate
the turbulent mixing coefficients.

13年3月25日星期⼀一



Finite Difference Schemes,
Numerical Models and Grids

• The basic idea:
✦ The real ocean is continuous (from molecular to 

global scales)

✦ Computers are discrete (and they can not 
describe every molecule of the ocean…)

✦ Thus we have to convert the equations describing 
the physical laws of the ocean into a discrete form 
that the computers can understand…
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How do Numerical Models Work?

• Choose a numerical grid (i.e., divide the ocean 
into “boxes”)

• Choose numerical schemes (many choices; 
stable and efficient)

• Make a computer program (“numerical code”)

• Run the model (given data for initialization, 
forcing, boundary conditions, etc…)
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Basic Finite Difference Schemes
(other methods: finite element, finite volume, spectral, etc. not 

discussed here)
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Different ways to represent the derivatives
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What do we need from a good numerical 
scheme?

• Convergence: computational error->0 when Δx,Δt->0
✦ meaning: when using finer grid and smaller time step, the 

numerical error is getting smaller (i.e., more realistic 
simulation)

• Stability: finite solution, C ≠ ∞ when n->∞
✦ meaning: when running a model for very long time, the 

numerical error does not grow (i.e., model does not “blow up”)

• Schemes can be:
✦ unconditionally stable (best, but rare)

✦ conditionally stable (for particular choice of parameters)

✦ unconditionally unstable (usually a bad choice)
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Example of conditions to make a scheme 
stable
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How does numerical instability look like?
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Computational Efficiency
• We usually want a model with as fine resolution as 

possible, but the size of the grid is often affected by the 
computational resources

• Time step constraints:
CFL (Courant-Friedrichs-Lewy) criteria: Δt<Δx/C, C=(gH)½ 
(in 1D) time step function of grid size and water depth (i.e., 
time step < time it takes gravity wave/current to move 
between two model grid points)
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Some solutions for ocean model

• Oceans are deep, so gravity waves propagate very fast, C=(gH)½ (for 
H=5000m, C~200m/s) requiring small time step: computational 
difficulties (climate models running for 100s of years will need a time 
step of a few minutes…)

✦ Rigid Lid approximation:

• Eliminates free-surface waves (i.e., no tides, tsunamis, etc.) 
and allows longer time step

✦ Time Splitting techniques:

• Separate the fast moving (barotropic, 2D) waves from the 
slower (baroclinic, 3D) motions

• Baroclinic (internal waves) C=(g’H)½ ~1-10m/s g’=g(δρ/ρ)
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Time Splitting: solve 2 sets of equations

There are various ways to couple the two modes
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Time splitting algorithm

Thermohaline(3600s)

Baroclinic
(720s)Barotropic

(60s)
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Summary of scales resolved in different ocean
models and typical mixing used
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Great challenges for ocean modeling
• Challenge 1: Internal Wave Mixing

✦ Needs global or basin-scale ocean model (physics 
only) of order 1 km resolution, run for periods of order 
30-40 years.

• Challenge 2: Global Carbon Cycle
✦ Needs global physics and biology ocean model, at 

highest achievable  resolution (1/4 or 1/12°) run for 
periods of order 1,000 years or more.

• Challenge 3: Climate Uncertainty
✦ Needs coupled climate models at best possible 

resolution (e.g. 1 or 0.5°) run for periods of order 
100-1000 years, but up to 1,000 times (or more).
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模式的发展趋势
• 趋势之⼀一：越来越多的地球系统分量加入到模式中
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模式的发展趋势
• 趋势之二：走向“高时空分辨率”

模式分辨率的提高
当前“100公里”的全球模拟
提升到“10公里”的全球模拟
提升到“<5公里”的全球模拟
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模式的发展趋势
• 趋势之三：描述更多的精细过程

例：云－辐射相互作用的计算最重要的部分之⼀一
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模式的发展趋势
• 趋势之四：超级集合模拟
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模式研究对高性能计算能力的需求

• IPCC AR5 计算量巨大
✦ 完成年代际预测的试验至少需运行2140模式年
✦ 完成气候变化试验至少需运行5365模式年
✦ 完成整个IPCC AR5所要求的评估试验，整个模式
系统需积分7500个模式年以上
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FGOALS_g2.0
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模式研究对高性能计算能力的需求

• 提高分辨率对计算能力的⼀一种形象说明
✦ “100公里”的全球模拟－－>十万亿次（10TFlops）
✦ “10公里”的全球模拟－－>万万亿次（10PFlops）
✦ “5公里”的全球模拟－－>十万万亿次
（100PFlops）

• 超级集合预报可利用任意大的计算能力

13年3月25日星期⼀一



2011世界高性能计算Top 10
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2012世界高性能计算Top 10
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中国的高性能计算机
• 我国在“十⼀一五”期间，863支持研制成功了天河

1A、曙光星云、神威蓝光三台千万亿次高性能
计算机，在国内外有重要影响。
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天河1A
• 峰值性能：4700TFlops，

• 持续性能：2566TFlops（LINPACK实测
值）

• 全系统共有：23552个微处理器，其中
14336 个Intel X5670 CPU 、2048个自主
FT－1000 CPU 、7168个Nvidea M2050 
GPU

• 内存总容量262TB

• 存储总容量2PB

• 满负荷运行最大功耗为4.04MW

• 全系统包含140个机柜

• 占地总面积700平方米

• 总重量160吨

• 环境温度10℃〜～35℃

• 湿度10％〜～90％
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神威蓝光
• 于2011年9月安装于国家超算济南中心，全部采
用自主设计生产的CPU(ShenWei processor 
SW1600)，系统共8704个CPU，峰值
1.07016PFlops，持续性能795.9TFlops， 
Linpack效率74.37%，总功耗1074KW。
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中国TOP100制造商分析
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中国TOP100应用领域趋势
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全球变化研究对高性能计算人才的需求

• 地球系统模式的学科交叉性非常强，兼有科学
研究、技术攻关和工程建设的特征，不仅涉及
到地学的各个分支，还涉及到数学、物理、环
境、计算机等众多学科。

• 目前⼀一个很突出的制约我国地球系统模式发展
的瓶颈，是严重缺乏学科的交叉，尤其缺乏与
高性能计算领域的交叉，需要有众多的高性能
计算专业人才了解全球变化，与全球变化的相
关人员精诚合作，在支持全球变化的高性能计
算技术方面取得重要突破。
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我国地球系统模式发展的⼀一些问题
• 1、具有典型MPMD特征的地球系统模式程序过于
复杂
✦ 海量的观测数据和再分析数据广泛分布且异构，难于
处理

✦ 程序模块化程度低，开发周期长、难于调试与优化
✦ 前处理、后处理工具种类繁多，学习曲线高

• 2、高性能地球系统数值模拟水平较低
✦ 我国模式分辨率低，具有自主知识产权与高科学置信
度的模式程序远少于发达国家

✦ 可扩展性差，现有的国内模式难以同时使用上千处理
器核
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我国地球系统模式发展的⼀一些问题

• 3、缺乏支持地球系统模式研究与发展的软件支
撑框架与系统平台
✦ 美国有ESMF、FMS、WRF、ESG

✦ 欧盟有PRISM

✦ 日本有Earth Simulator

• 4、交叉人才培养不足
✦ 系统地针对地球系统模式发展，从事计算方法、并
行算法与程序研制的人员少
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工欲善其事，必先利其器
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“面向地球系统模式研究的
高性能计算支撑软件系统”项目总体目标

• 项目目标：
针对我国地球系统模式研究的迫切需要，依托国产高性
能计算机，研究支持地球系统模式开发的高性能计算支
撑软件关键技术，研制基于“模式模块库、模板库、工
具库和插件式平台”（三库⼀一平台）架构的⼀一体化地球
系统模式集成开发环境，支持全球变化研究，填补我国
在地球系统模式软件支撑平台方面的空白；培养⼀一支具
有国际水平的高性能地球系统模式计算研究队伍。

• 总体原则：
致力于减轻地球科学研究者的软件开发负担与高性能计
算机的使用难度，提高效率，使他们腾出精力专注于模
式研究

13年3月25日星期⼀一



项目承担单位
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课题⼀一亮点：数据处理工作流软件
• 软件功能：

✦ 将⼀一系列数据前处理工具和后处理工具封装为工作
流模块

✦ NetCDF处理工具并行化
✦ 支持脚本辅助生成
✦ 支持外部命令调用
✦ 支持数据统计
✦ 支持数据可视化
✦ ⼀一键安装
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课题⼀一亮点：高速I/O库
• 问题：

✦ 高分辨率地球系统模式海量
的输出数据使得I/O成为模式
计算的瓶颈

• 方法：
✦ 实现计算和I/O的重叠
✦ 利用通信和内存实现二阶段
异步IO

✦ 符合NetCDF文件接口

• 结果：
✦ 本研究工作正在代码实现阶
段，初步得到的结果表明我
们方案的性能5倍优于传统I/O
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CFIO：A Fast I/O Library for Climate Models

POP海洋模式性能优化
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A Scalable Barotropic Mode Solver for
the Parallel Ocean Program
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课题二亮点：多维查询
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课题三亮点：MPMD并行调试

• 面向模式的MPMD并行调试
✦ 从并行程序调试向耦合模式调试
过渡

✦ 面向多种并行粒度的混合编程模
型调试

• 面向模式的MPMD性能分析
✦ 以耦合器为中心进行分析，尝试
将多个模式解耦合为模式间关系
独立的SPMD程序

• 将北师大的GCCESM模式性能
由25模式年/天提高到88模式年/
天

13年3月25日星期⼀一



课题四亮点：⼀一体化集成开发平台
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课题四亮点：模式模块库/模板库的构建
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在实际模式中的应用
• “零编程”模式数据处理工作流软件

✦ 实例：观测资料处理、CoLM陆面模式输入数据

• 模式输出数据多变量实时范围查询
✦ 实例：GAMIL大气模式输出数据

• MPMD程序的模式级调试
✦ 实例：CCSM3地球系统模式

• 模式模块的图形化拖拽和代码自动生成
✦ 实例：POP海洋模式

上述用例覆盖国内外典型地球系统模式：NCAR的
CESM、大气所的FGOALS_g、北师大的GCCESM
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Thanks！
Q&A
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