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Lecture – 49 

Model biases 

 

In the last lecture, we talked about the use of climate models to predict how the climate will change 

in the future. But, in order to trust the climate model’s ability to predict the future, we need to 

know how well it predicts the present climate. So, this has been the goal of the Climate Model 

Intercomparison Project, CMIP. In this project, a large number of groups that have climate models 

run the same scenario for the present climate and the future climate. Then, you compare all these 

models to see how well they agree with each other and how much they differ. 

                 

From these comparisons, we get an idea about how good or how bad the models are. The first 

example I discussed—and which I will repeat because it is important—is the major problem that 

the coupled models have, which is called the SST bias. That is, the temperature of the ocean is less 

than what is observed. 

You can see two versions of the CMIP series. CMIP3 is the old one, and CMIP5 is the more recent 

one. Averaged over 50 years, we see that there is a huge negative cold bias in the Pacific Ocean. 

So, this is a serious issue because it has not really changed between these two series, CMIP3 and 

CMIP5.  



             

A lot of work has been done to improve models, but this particular problem of a large negative 

bias over the mid-latitude Pacific Ocean has not been solved. Now, the reasons are many. The 

transfer of heat from the ocean to the atmosphere is mediated by the wind speed in the atmosphere 

and the temperature difference between the ocean surface and the atmosphere next to it. This 

coupling between ocean and atmosphere cannot be specified—it evolves as the model is integrated. 

So, all we can say is that there is some problem in these models—in all of them, not just one model. 

They tend to have very cold ocean temperatures in the mid-latitude Pacific as well as mid-latitude 

Atlantic. In addition, you also see that along the coastline of Africa, the west of Africa, and the 

west coast of South America, there is a warm bias—that is, the model-predicted sea surface 

temperature is larger than the observed. Now, we know why this happens: the model resolutions 

are not high enough to correctly capture the upwelling—that is, upward velocity in the ocean, 

which brings cold water from below to the surface and is very critical for the climate. That is not 

captured in these models because the model resolution is not high enough. This coastal upwelling 

occurs over a very narrow region, and to capture that, you need very high resolution close to the 

coast. 

If you do not capture that, you will have these warm biases. This error will be reduced as the 

resolution of the model keeps increasing with improvements in computer power. But this large 

bias in the middle of the Pacific Ocean is a serious issue because it cannot be blamed on 

resolution—this error is over a large region. While the warm bias is confined to very close to the 

coast, the cold bias is very large. So, this issue is still being researched. Research is ongoing to 

figure out why it is happening. 



Now, why do you have to worry about all this? Because you can see that two different models—

one from Japan (MIROC), the other from the USA (NCAR)—simulated the impact of doubling 

CO₂ at the rate of 1 percent per year. By 2080, the MIROC model shows a 3-degree warming, 

while the NCAR shows 1.5. This difference can be clearly related to the difference in cloudiness. 

                      

 

In the MIROC model, the cloudiness decreased by about 2 percent, while in the NCAR model it 

increased. As you recall, even a 1 percent change in cloudiness has a big impact on the energy 

budget because clouds reflect radiation to space. If your model predicts too high a cloud, the 

temperature will go down. If the model shows a decrease in cloud, the temperature will go up. This 

is connected to cloud radiative forcing, which we discussed earlier in the course. 

So, this particular slide shows clearly how sensitive our ability to predict future warming of global 

mean temperature is to the correct prediction of the change in cloudiness. Now, that problem has 

not been solved yet because clouds come in a variety of forms—we have discussed that before: 

cirrus, cumulus, shallow, deep. The models are not capturing these clouds accurately because 

models do not predict clouds from first principles. Since the model resolution is not very high, 

clouds are added empirically in these climate models. Therefore, there is a large difference between 

different models that use different empirical data to model clouds.  

This can also be seen in the total cloud as observed. In the figure shown below, we have the annual 

mean and what is produced in CMIP5 and a more recent model, CMIP6, compared to the 

observation. You can see that the total cloud amount is lower in most of the models—it is an 

average of many models—and this has not changed much from CMIP5 to CMIP6. There is a clear 

problem at the polar regions—the cloudiness is too high—and in the tropical region, the cloudiness 

is too low. 



So, this problem has not yet been solved. If you relate that to the liquid water path—the total 

amount of liquid water from the surface to the top of the atmosphere—you see that the liquid water 

path is too high in CMIP5, and it is somewhat reduced in CMIP6, but still positive. The liquid 

water path is too low in the polar regions. How about ice water path? Ice water path in both CMIP5 

and CMIP6 shows a lower ice water path than observed. So, this issue of the amount of liquid in 

the clouds and the amount of ice is still not well simulated. This impacts the shortwave cloud 

radiative effect and the longwave cloud radiative effect. 

                 

                 



Lastly, we see the total water vapor, which is a very important parameter for rainfall and radiation. 

You can see that over oceanic regions, the models have lower water vapor than observed, while 

over land regions, they are a little higher. So, this issue is to be remembered as something which 

is not yet completely resolved in climate models—clouds, ice water path, and liquid water path. 

Now, here is a close-up comparison between 32 general circulation models. We are comparing 

only the clouds over oceans because the oceans form 70 percent of the globe. 

      

We have to get everything right over oceans. You can see that on the left, observation shows that 

annual mean cloudiness (total cloud amount TCA) is 71 percent. The multi-model ensemble of 32 

climate models shows that it is 57 percent. Although the spatial pattern is quite good—it looks 

quite similar—the total amount is wrong by 14 percent, which is very large. Even a 1 percent 

change in cloudiness has a huge impact on our climate. 

A difference of 14 percent in the annual mean cloudiness is a very serious issue. Now, how about 

low cloud amount—that is, cloud near the boundary layer? You also find that the observed low 

cloud amount is 49 percent, while the modeled cloud amount in the multi-model ensemble of 32 

models shows a huge difference. You can see that in the tropics, the models have lower cloud. The 

low cloud amounts are lower than observed, and so it is in the polar regions. Both in the polar 

region and the tropics, low cloud amounts are not correctly simulated. 

So, this issue—until it is resolved—means we cannot be very confident about predicting regional 

climate. In the case of global climate, certain errors cancel out. As you have seen, models have 

correctly reproduced the increase in temperature from 1850 to 2023. We saw that earlier—global 

mean temperature. Based on this result, you should be concerned about the ability of the model to 

correctly predict sea surface temperature in certain parts of the world, because both the low cloud 

amount and the high cloud amount are not correctly reproduced. 



The high cloud amount is not bad—the spatial pattern is okay, but the amount is wrong. The low 

cloud amount is wrong in total as well as in the pattern. Now let us look at the vertical structure. 

                  

Today, we have satellite data using LIDAR, which is able to probe through the atmosphere using 

a laser. This is what the CALIPSO radar shows—our cloud percentage with height, global mean. 

This is from a paper by Lauer et al., published in January 2023. This is the difference between 

CMIP5 and CALIPSO, as well as CMIP6 and CALIPSO. 

You can see that the models have too high a cloud fraction in the mid-troposphere and too low a 

cloud fraction near the surface. This issue is clearly highlighted here in the annual mean. We are 

not talking about even a particular month—we are talking about annual mean. In the annual mean, 

the model’s low cloud amount is very different from CALIPSO. It is much lower, by as much as 

20 percent. 

So, all these results have been shown to remind you that we need to be very cautious about a 

model’s ability to predict clouds as well as rainfall on a smaller scale. Global mean is fine—things 

do cancel out—but when you come to local, tropical, mid-latitude, and polar regions, you need to 

be very careful because models are not doing too well regarding local clouds and local rainfall.  

Let us look at another comparison between CloudSat—another satellite, which had a radar—and 

CMIP6, CMIP5 with CloudSat (refer to figure below). Again, one sees a negative bias here of 

cloud liquid water. This is not cloud fraction—it is cloud liquid water. 



                          

So, the cloud liquid water in the models is lower than the observed, and it has not improved from 

CMIP5 to CMIP6. We expect some improvement as the models evolve in time, but here it has not 

happened. Other things have improved, but cloudiness and cloud liquid water still remain a 

challenge. The models are overpredicting the ice content in the mid-troposphere as well as at the 

lower level in the mid-latitude and polar regions. So, this is also an issue.  

Ice cloud and water cloud are not being correctly predicted because of the way the model 

parameterizes clouds. Clouds are not being simulated from first principles. We are using some 

empirical model to convert the relative humidity and other parameters—which are simulated in 

the model—to calculate cloud liquid water and cloud ice. There is some lacuna in the models. To 

bring this out more clearly, here I am showing you the vertical variation of ice fraction as a function 

of temperature.        

                                           



Now, look at the black line, which is the observation. You do expect that when you go to very low 

temperatures, you should have a very high ice fraction. Most of the condensation of water should 

go to ice, and that is what observation confirms. In the polar regions, for example, you would 

expect very high ice fraction, while in the tropics, when the surface temperature is between 280 

and 300, you should expect very low ice fraction. Now, models correctly reproduce a low or zero 

ice fraction in the tropics. That is not surprising. But, as you go to low temperature, the way the 

ice fraction increases in the observation and the way it increases in the two models—CMIP5 and 

CMIP6—are very different.  

The observation shows a rapid increase in ice fraction, approaching 50 percent by the time you get 

to 250 Kelvin, but the models show 50 percent only at around—I would say—260 or 255. As you 

go to even lower temperatures, the observations show a rapid increase in ice fraction, while the 

model shows a gradual increase. This is a very serious weakness in the models—that as the 

temperature goes below 250, the ice fraction should rapidly increase to 100 percent. So, this again 

shows a need for further improvement in the models in the way they model ice fraction. So, these 

weaknesses should be remembered when you try to understand the model’s predictions about the 

future climate.  

Now, the other thing very important to understand in models is the wind.  

  

The model winds at the lower level—that is, around 850 millibars—determine how much stress is 

imposed on the ocean. Remember that ocean circulation is driven both by changes in salinity and 



temperature inside the ocean—so-called thermohaline circulation—as well as by the stress 

imposed by the atmosphere on the ocean.  

So, we want to know what the stress is, and that is defined right below here: stress in the zonal 

direction and in the meridional direction in terms of the wind speed w, the density of air 𝜌𝑎𝑖𝑟, the 

drag coefficient C0, and, of course, the angle of the wind 𝜃 from the true north. 

𝜏𝑥 = 𝜌𝑎𝑖𝑟𝑐0𝑤
2 𝑠𝑖𝑛 𝜃 

𝜏𝑦 = 𝜌𝑎𝑖𝑟𝑐0𝑤
2 𝑐𝑜𝑠 𝜃 

Now, we compare here—black is observation—and the dotted line is the multi-model mean. You 

can see that the models tend to overpredict the zonal wind stress both in the northern latitudes as 

well as in the southern latitudes. It is not that bad. In the northern latitude, the wind stress is too 

high. At the equatorial region—the tropical region—it is slightly low, but it is not too bad. So, this 

is critical, because if the model does not impose the correct wind stress at the ocean surface, the 

ocean circulation will not be realistic. 

We saw how important the ocean circulation is to transport heat from the tropics to the polar 

regions. That is the only major mechanism we have in addition to atmospheric transport. If we do 

not do that correctly, the model will not correctly simulate the ocean circulation. On the left, we 

have the rainfall pattern. Annual mean observed is here; model is here—multi-model mean. 

Overall, you can see it is quite good. In spite of all the errors in clouds and SST, it is good to know 

that in the big picture, the rainfall pattern looks quite good. The Intertropical Convergence Zone is 

correctly reproduced as being north of the equator in the annual mean. The South Pacific 

Convergence Zone is correctly reproduced here. But, the rainfall in the Indian Ocean—which is 

important for people in India—is somewhat lower than observed. And also, you can see that in the 

Bay of Bengal, the rainfall prediction is poor.  

We will talk about this in more detail later because we will talk about the Indian monsoon and how 

well the Indian monsoon is simulated by climate models. But here, you can see it is not going to 

be too good, because in the Bay of Bengal, the model simulations are not too good.  

Now, how about ocean circulation—ocean temperatures not at the surface but deep inside? Here, 

we are showing you the contours of the temperatures. The contours (in the figure below) show the 

time-mean observed potential temperature. 

The potential temperature is the temperature a parcel would have if it were brought to the surface. 

That is called potential temperature, and it is zonally averaged over all ocean basins. That is the 

contour. The color shows the difference between simulated and observed, and you can see the cold 

bias near the surface and a warm bias deep inside. 



             

This is an important problem, which has a significant effect on heat transport in the ocean. The 

models are too warm about 1 kilometer—or about 500 meters—below the surface and too cold at 

the surface. So, this is an important limitation in the climate model: at the surface, they are too 

cold, and deep inside, they are too warm. Now, the reason why models are not doing as well in the 

ocean as in the atmosphere is: you must remember that until recently, we did not have accurate 

data on the temperature of the ocean interior, not surface. On the surface, we had data from satellite, 

but deep inside the ocean, the only way we could get temperature was by sending sensors deep 

inside the ocean, and that is very costly and complicated. Only in the last 20 years have we had 

floats called Argo floats, which go inside the ocean and come back. We have data for the last 20 

years, and before that, we had almost no data. So, this large error will be corrected, I am sure, in 

future models as we improve the model simulations.  

What is the major reason for these large errors? One of the reasons is turbulence. In the ocean, the 

major cause of error is the modeling of turbulence, which we have not understood well because 

we do not have data—how turbulence changes from the surface (where turbulence is induced by 

the wind acting on the surface) to deep inside (where turbulence is governed by thermohaline 

circulation). 

So, this issue is ongoing—research is happening, and one may expect some improvements in the 

coming years.  

The second thing you have to worry about when you look at models is how well they simulate the 

seasonal cycle of temperature. Because if a model cannot simulate the seasonal cycle, that model 

cannot be trusted to predict climate change in the future.  



                                     

Here, we are showing the snow-albedo feedback during climate change and how it is related to the 

seasonal cycle of the snow cover. On the x-axis, there is the seasonal cycle in the snow cover as a 

function of temperature in different months, and on the y-axis is the change in snow-albedo 

feedback as warming occurs in the model. 

If the model’s seasonal cycle change in snow cover is close to the observed—which should be 

around here—then you can trust the model. You can see that among all the models shown here 

(about 23 models), I would say only three models have the seasonal cycle in snow-albedo change 

close to the observed. Some models give too high a value, while some models give too low values. 

So, we have a problem here, because only three of the 23 models have a seasonal cycle close to 

the observed. So, this issue is very serious because changes in snow and ice have an impact on 

albedo, and they impact global warming. So, this again needs to be improved.  

Now, here is a paper by Giorgi and Bi showing the change in rainfall during 2081 to 2100—the 

last 20 years of this century—compared to the last 20 years of the last century, averaged over April 

to September, the monsoon season in the Northern Hemisphere.  

                     



 

What do we see? We see that models predict an increase in rainfall over India and China, an 

increase over the equatorial Pacific, and a decrease over the African region, the Mediterranean 

region, South Africa, the equatorial Pacific, and parts of America. So, this prediction is very 

interesting because some of these regions—especially the Americas and Africa—have experienced 

increases in drought. 

So, this may indicate that the impact of climate change is already being seen in some of these 

regions. Now, this depends on which scenario you are simulating. Here in this paper, it is A1B. 

A1B is this green line. That is where the carbon dioxide concentration is increasing from 380 parts 

per million in 2000 to 700 parts per million, which is what is happening—the rate at which it is 

going now. 

So, this is a scenario that will happen if we do nothing about CO₂ emissions. If that happens, this 

is the prediction: about a 10 to 20 percent decline in Africa—both North Africa and South Africa—

and around a 10 to 15 percent increase in India and China, and a decline in Central America and 

the western part of North America. So, this is an indication that global warming may be causing 

these changes.  

Now, in these models, if you want to understand how we can trust these simulations, you have to 

look at what is called the "time of emergence." 

 

Because all these models have interannual and interdecadal variation, which are part of the natural 

variation of the atmosphere-ocean system, you cannot trust the result totally unless you remove 

the natural variation from your simulation. In this paper, Giorgi and Bi are talking about—in this 

A1B scenario, which I showed you in the last slide—at what time the signal of the climate change 

due to CO₂ increase emerges above the natural year-to-year and decadal variation. 

The numbers are all quite high. Take India, for example. If you look at India, only by 2050 can we 

be sure that the impact of CO₂ increase, above the natural variation, can be seen. So, until about 

2050, you cannot be sure whether the change you are seeing is on account of CO₂ increase. This 



is the problem many people do not understand. Models do predict an increase in rainfall in India. 

But this need not be totally trusted until 2050, because there is natural climate variation due to the 

exchange of heat between ocean and atmosphere, which creates various decadal oscillations—

called Pacific Decadal Oscillation, Antarctic Multidecadal Oscillation, and El Niño. All these 

oscillations are occurring year to year and decade to decade.  

The impact of CO₂ increase will emerge as a signal only after about 2050 in many parts of the 

world. So, this must be remembered before people make dire predictions about what will happen 

in the next 10 to 20 years. We cannot do that because there is a lot of natural variation in these 

models. We will stop the lecture at this point. I will continue the discussion in the next lecture. 

Thank you. 

 

 

 

 


